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Abstract
This thesis reports investigations into the application of a type of optical sensor to 
detect and monitor damage in composites structures. The chirped fibre Bragg grating 
(CFBG) is a type of optical component that is sensitive to both strain and temperature 
and is commonly found in the telecommunications industry as a filter. Its small 
diameter and low cost makes it a potentially inexpensive sensor ideal for embedding 
in composite materials.
This work consisted of extending the use of CFBG sensors into three areas: 
monitoring of disbonding in composite-metal bonded joints; detection of 
manufacturing defects in composite-composite bonded joints; monitoring of 
delamination lengths for a specimen subjected to mode II loading. All of these areas 
were investigated using a combination of experimental testing and theoretical 
predictions (using finite element analysis and optical prediction software).
The first area investigated used a bonded joint composed of one metal adherend 
(aluminium) and one composite adherend with an embedded CFBG, bonded together 
at elevated temperature. Thermal strains were generated in the bonded joint on 
cooling the joint from the adhesive cure temperature to room temperature. The joint 
was then subject to tension-tension fatigue loading, which caused the joint to 
progressively disbond. The relaxation of the thermal strain in the composite adherend 
due to the advancing disbond front caused perturbations in the reflected spectra from 
the embedded CFBG sensor which allowed the development of the disbond to be 
tracked to within about 2 mm.
In the second area, CFBG sensors were embedded within one of the composite 
adherends in a composite-composite bonded joint with an included manufacturing 
defect in the bondline. The first defect used was PTFE and the reflected spectrum 
from the CFBG sensor showed a clear perturbation at the defect location (the joint 
was externally loaded). Subsequent tests used more realistic defects (i.e. “air gaps” 
introduced into the bond) as the defect, and perturbations were observed in the CFBG 
spectra for both glass fibre reinforced plastic (GFRP-GFRP) joints and carbon fibre 
reinforced plastic (CFRP-CFRP) bonded joints. The effect of defect size and position 
was also investigated. The results for detecting the air defects were not as clear as for
i i
the PTFE artificial defect; however defects of 5 mm or longer could be detected at any 
position within the joints.
The third area investigated in this work used embedded CFBGs to monitor 
delamination lengths in specimens subjected to mode II loading. A CFRP End-notch 
flexure specimen (ENF) was modelled using finite element analysis and predictions 
were made of the reflected CFBG spectra to establish the effect of sensor position on 
the reflected spectra. ENF specimens were then manufactured with sensors embedded 
in the positions which would produce the clearest perturbations (based on the 
computer modelling). Delaminations were grown in the ENF specimens and the 
effects on the reflected spectra were compared with the predictions, with excellent 
agreement between the extension of the delaminations as monitored directly and by 
the CFBG sensors, but only when low-reflectivity sensors (i.e. 40% reflectivity) were 
used. Indeed, a very important and supplementary part of the delamination study 
showed that sensor sensitivity to non-uniform strain fields (i.e. the type of strain 
distribution generated by damage in composite materials) is increased with decreasing 
CFBG reflectivity.
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Chapter 1: Introduction
1. Introduction
Fibre Bragg grating (FBG) sensors are strain sensing elements within optical fibres 
that have been available since the late 1980s when Morey et al (1989) published a 
paper describing their use to measure temperature and strain, using gratings made by 
their new transverse holographic method. Over twenty years of research into FBG 
sensors has advanced our knowledge of the properties and operation of these 
complicated devices, however, it is only relatively recently that commercial 
installations of FBG sensor arrays have been commissioned and put into service.
Composite materials, specifically thermosetting plastics reinforced by continuous 
fibres, are being used for an increasing number of applications, from bridges (for 
example, the West Mill Bridge, Oxfordshire, UK) to aircraft (e.g. the new Boeing 
787). A problem common to most apphcations involving composite materials is 
joining the composite element(s) to the other parts of the structure. One method is to 
adhesively bond the composite, which has the advantage of distributing the load 
transfer and avoiding the stress concentrations caused by mechanical fixings. The 
disadvantage of this method is that bonded structures cannot be taken apart to inspect 
either the adherends or the joint itself. There is therefore a need to find non­
destructive techniques to inspect the joint and its components for defects, damage or 
disbonding.
This study has focused on a particular type of FBG sensor, called a chirped fibre 
Bragg (CFBG) grating sensor. This type of sensor is related to more generally used 
uniform FBGs, but reflects a spectral bandwidth of light back from the sensing 
element. To date, the CFBG sensor has been used to monitor disbond growth in 
composite-composite bonded joints, and a preliminary study has been carried out on 
the use of the sensor to monitor defects in bonded joints. The purpose of this study is 
to extend the application of the potential use of the CFBG sensors to other types of 
bonded joints and joint defects. In addition, the application of the CFBG sensor within 
relatively simple geometries has been investigated to date (e.g. simple lap joints; 
mode IDCB loading). An additional purpose of the investigation will be to apply the 
sensor in a more complex loading geometry for monitoring disbond/delamination 
growth.
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2. Literature review
2.1. Introduction
Polymer-matrix based composite materials are now used in many applications, with 
the amount of material increasing year on year (Toray, 2011). The range of 
applications varies from low performance boat hulls to high performance aircraft 
wings. While the low performance applications generally use the fibre reinforced 
polymer (FRP) material for cost and manufacturing reasons and are lightly stressed, 
the continuous fibre materials used in the high performance applications can be highly 
stressed. It is this second class of FRP use that is of interest in this study.
The use of FRP in these structural applications offers a number of advantages over 
traditional materials (principally metals), not least of which is the possibility of 
equipping the materials themselves with additional functionality; this can be used to 
inform the manufacturer, or operator, of the strain state in the material, the 
temperature, etc. This type of functionality can form the basis of a structural health 
monitoring (SHM) system which can then be used to monitor the structure for damage 
or degradation.
The work within this thesis is concerned with applying fibre Bragg grating sensors in 
a variety of methods for detecting damage, damage initiation or damage growth, 
within the context of structural health monitoring (SHM), when the sensor is 
embedded within a composite material. It is therefore appropriate to review the 
variety of techniques which have used fibre Bragg grating sensors for similar 
purposes. Consequently, this chapter presents a review of the literature on the use of 
fibre Bragg grating sensors in SHM, principally focused on applications within fibre 
reinforced plastics.
2.2. Fibre Bragg gratings
Fibre Bragg gratings (FBGs) are a type of optical device commonly used as a filter in 
telecommunications networks (Giles and Spector, 1999). The sensitivity of the grating 
to both strain and temperature was noted very early (Hill et al, 1978), and it is the
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strain sensitivity that has made them useful as tuneable filters in telecommunications 
networks. The gratings are formed by causing a periodic change in the refractive 
index of the core of the optical fibre. This was first achieved by Hill using “internal 
writing”; two LASERs were coupled to opposite ends of the fibre; the interaction 
between the two causing a periodic change in the local refractive index of the Ge- 
doped silica core. An alternative approach was demonstrated by Meltz et al (1989), 
termed the “transverse holographic” method; a Ge02-doped fibre was exposed to an 
interference pattern created by two coherent UV beams focussed on the core of the 
optical fibre. The UV source was external and transverse to the fibre and allowed the 
fabrication of gratings in the standard telecommunications wavelength of 1550 nm, 
which greatly expanded their application (Kashyap, 2010). When a broadband light 
source is coupled into an optical fibre containing an FBG, light that satisfies the Bragg 
condition is reflected back towards the broadband source. A typical reflected 
spectrum from an FBG is shown in Figure 2.1.
I I I I I I I 1 1  I 1 1 1  I I I
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Figure 2.1 Reflected spectrum from an FBG with schematic of periodic variation in refractive
index in the core of the optical fibre.
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The FBG works by reflecting light of the wavelength that satisfies the Bragg 
condition:
n (eq. 1)
In equation 1, A, is the Bragg wavelength, n is the effective refractive index and A is 
the grating pitch. The Bragg wavelength of the grating can therefore be changed by 
changing either the refractive index or the grating period. The first work on using 
FBGs as sensors is attributed to Morey et al (1989), who fabricated FBGs using the 
transverse holographic method and the measured the shift in wavelength when they 
applied a strain or temperature change to the bare optical fibre. Since that 
demonstration of the sensing capability of the FBG, the adoption of the FBG as a 
sensor has increased greatly in the last 10-15 years. The relationship between the 
measured quantity, and the wavelength is given by:
\ dÀ \ dn I dL . .
Here Ç is the parameter of interest (i.e. temperature, pressure or strain) and L is the 
grating length. If an FBG system can measure wavelength with an accuracy of 0.01 
nm at 1550 nm, strain can be measured with a resolution of 8 ps (with a gauge factor 
of 0.772, typical of an FBG, Culshaw and Dakin, 1996). A modem FBG interrogator 
for SHM, for example the Micron Optics SM125-500, has an accuracy of 0.001 nm ± 
0.0005 nm at 1 Hz, which corresponds to a resolution of 0.8 pe.
In broad terms, an optical fibre is a pure silica glass fibre, that contains a core and a 
cladding. The core of a conventional optical fibre is 8 pm diameter and the cladding is 
125 pm diameter. Fibres are normally coated with a polymer, acrylate or polyimide, 
which normally have outside diameters of 250 pm and 150 pm respectively. It is 
possible to also have small diameter optical fibres, for example the Takeda research 
group have used fibres with core, cladding and polyimide coating diameters of 6.5 
pm, 40 pm and 52 pm respectively.
There are two main types of interrogator used with FBG sensors: time division 
multiplexed (TDM) or wavelength division multiplexed (WDM) (Zhou et al 2003).
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TDM interrogators operate by time domain reflectometry, separating the reflected 
signals from the multiple FBGs based on time. A pulse of light is coupled into the 
optical fibre and transmitted to the multiplexed FBGs. A receiver detects the 
reflections from the FBGs, and records them as a function of time to separate the 
signals received from each sensing element. TDM has the advantage of being able to 
use sensors which are all written to reflect the same wavelength, but the sensors need 
to be separated by relatively large distances (meters to tens of meters) and the gratings 
need to be of low enough reflectivity that light is still transmitted to subsequent FBGs. 
WDM, by contrast, operates by distinguishing the wavelength of each sensor, and so 
multiplexed gratings that reflect different wavelengths are required. In this system, a 
broadband source can be coupled to the fibre continuously; a receiver separates the 
returning light from the FBGs based on the wavelength of the reflected light. The 
advantages of this system are that the sensors can be positioned close together, down 
to a few millimetres of separation, and can all be of the same reflectivity. WDM is 
the most popular approach to interrogating multiplexed sensors.
2.3. Application of FBGs in Structurai Heaith 
Monitoring
2.3.1. Introduction
Fibre Bragg gratings have been researched for many engineering applications, and the 
main applications are discussed in this section, which has been divided into three 
parts. The first section focuses on the use of FBG sensors as replacements for other 
surface-mounted strain sensing devices (particularly in civil engineering applications) 
and the second on composites applications where the FBG sensors can be embedded 
within the material or structure when strain or temperature is to be monitored. The 
third section contains other applications of FBG sensors, for example cure monitoring.
2.3.2. Applications of FBGs as replacements for other strain 
measuring devices
Optical fibre sensors have been used to replace other strain measuring devices, 
particularly in civil engineering research, since the early 1990s. Merzbacher et al
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(1996) conducted an early review of fibre optic sensor (FOS) use in concrete 
structures. The authors looked at work using different types of FOS, but concluded 
that FBGs had advantages over most of the other types including: a linear response to 
strain, easy mass production, and the facility to be multiplexed (multiple gratings 
written at different positions in the core of a single length of optical fibre). Many early 
civil engineering applications of FBGs (Davis et al, 1997, Maaskant et al 1997 and 
Idriss et al 1998) used multiplexed sensors. Davis et al embedded the FBGs in the 
concrete, on the surface of steel rebar and also embedded in FRP plate reinforcement 
that was subsequently bonded to the concrete beams to measure the strain in the 
reinforced concrete. The mould for the cast concrete had to be specifically designed to 
allow the egress of the fibres from the cast concrete beams. The sensors were bonded 
to the composite reinforcement bars and were then encased in epoxy resin for 
protection from the poured concrete, although some sensors were pushed into the top 
surface of the concrete after pouring. The interrogator used to read the FBG sensors 
was based on a tuneable fibre Fabry-Pèrot filter that allowed precise determination of 
the wavelength shifts. The authors reported measuring strain with a resolution of 1 ps, 
up to a measured strain of approximately 5500 ps. This style of interrogator is 
expensive and although it can yield high accuracy, it is not implemented 
commercially. The beams were tested to failure, and the authors made a note of the 
resilience of the sensor system, as they were able to interrogate the FBGs even after 
failure of the concrete and measure the residual strain in the failed specimen. 
Maaskant et al 1997 used multiplexed sensors arrays to compare the long-term 
properties of different types of concrete pre-stressing members, steel and carbon fibre 
reinforced plastic (CFRP), in a full size bridge. The sensors were surface bonded to 
the pre-stressing members. The sensors were interrogated periodically for 18 months 
and measured a strain relaxation of approximately 1000 pe over that period, 
demonstrating the potential of FBGs for long-term strain monitoring. No secondary 
strain measurement technique was employed (an earlier small scale test model of the 
bridge had used FBGs and foil type strain gauges), so evaluation of the FBG 
performanee is limited. However, as the purpose of the test was to compare the 
performance of different pre-stressing materials, absolute values of strain are less 
important than comparative values.
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Lau et al (2001, 2002) used FBGs and foil type strain gauges to investigate concrete 
beam strengthening using FRP. The cast concrete beams had FBGs embedded 
between the glass fibre reinforcement material and the concrete when the FRP was co­
cured onto the beams. Foil type strain gauges were bonded to the outer surface of the 
FRP strengtheners. When loaded in a three-point bend configuration, the two types of 
strain sensor showed good correlation, until the concrete started to fail, as can be seen 
in the comparison between FBG strain reading and foil strain gauge readings in Figure
2.2. The figure shows the measurements from the two types of sensor have the same 
gradient until the "knee" in the data, after which point, the FBG showed a reduction in 
strain, which was a symptom of cracking in the concrete (the foil gauges were bonded 
to the outside surface of the FRP reinforcement, so were not able to detect the strain 
changes due to concrete cracking). The authors also reported fracture of some of the 
optical fibres preventing interrogation of the FBGs, illustrating a potential drawback 
for this type of sensor system, but the fibres in question fractured at approximately 
2200 pe, which suggests this was consequence of optical fibre placement, as they 
were able to record strain of >5000 ps with other sensors. To combat problems with 
fibre fracture and the highly corrosive environment in concrete, FBGs have been 
encased in capillary metal tubes which have been embedded or bonded in/to the 
structures as robust strain gauges (Zhou et al, 2003). Temperature compensation can 
also be achieved by embedding separate temperature sensing FBGs, also in metal 
tubes. The metal tubes provide very good protection, however the metal renders the 
sensing element remote from the structure being studied, by at least the thickness of 
the metal tube. This introduces a shear lag into the measurement system, potentially 
reducing the sensitivity of the strain gauge. The metal tubes must be well bonded to 
the structure, and the FBGs must be well bonded to the inside of the metal tubes; these 
extra bonding requirements are potential points of failure. Lastly, care must be taken 
that the metal tubes do not reinforce the structure in an unintended way.
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Figure 2.2 Comparison of strains measured by foil type gauge and FBGs. Optical fibre broke in 
(c), causing loss of signal from FBG sensor (after Lau, 2001).
In addition to static measurements, dynamic strain measurements have also been 
made using FBG sensor arrays. Maaskant et al (1997) and Li et al (2012) have 
monitored the effect of traffic loading on the strain measured by the FBG 
dynamically. In the first of these studies, the authors tested the fatigue performance of 
a surface bonded FBG, reporting no degradation of the spectrum after 320,000 load 
cycles (from 0 to -2000 pe). The dynamic measurements, which appear to have been 
recorded at a rate of 5 Hz, showed clear responses to the applied loads, but no 
corroborative evidence (from foil gauges or calculations) was presented to verify the 
accuracy of the measurements. The latter authors embedded their FBG sensors in 
glass fibre reinforced plastic (GFRP) bars which were then bonded to the tension 
cables in an arch suspended bridge. This is a similar approach to encasing the FBGs in
8
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metallic protection tubes, in effect creating robust strain gauges. This type of gauge, 
an FBG sensor embedded in a composite material for protection, is now available as a 
commercial product, for example the Smart Fibres "smart patch" (Smart Fibres, 
2012). Schakur et al (2012) investigated the reliability of smart patches from a 
number of companies, comparing the results to the manufacturers’ data, and found 
that smart patches did not always measure the correct values of temperature and 
strain. This suggests that smart patches are yet to mature as a technology and there is 
still some work to be done before FBG strain patches will match the reliability, 
repeatability and availability of electric foil-type strain gauges.
For all applications, the connectivity between the FBG and the structure is important. 
Betz et al (2003) investigated three possible methods of using a bare optical fibre 
sensor: surface attachment, surface integration (embedded in the paint) and structural 
integration (embedded in the composite). The first, surface mounting is the simplest 
method, where the FBG is attached in much the same way as a conventional electrical 
strain gauge, using the same surface preparation and adhesives. Using this method, the 
FBG is very much like a foil strain gauge and the strains measured by the FBG should 
be exactly the same as those measured by an electrical strain gauge. Like surface 
mounting, the second technique of surface integration, is suitable for most engineering 
materials, from metals to ceramics and composites. The FBG is attached to the surface 
of the material using the paint and subsequently completely integrated into the paint 
layer. This offers an advantage over the surface mounting method, as it offers more 
protection to the sensor, making it suitable for long-term tests or harsher 
environments. The third method embedded the FBG in a composite, parallel to the 
surrounding reinforcement fibres, known as structural integration. The are a number 
of potential advantages of this method, depending on the application, including that it 
provides the most protected arrangement, measures internal strains from the material 
and it is possible to monitor internal features within a structure, such as bond lines, for 
damage or deterioration by positioning the sensor close to the region of interest. The 
disadvantages are the possibly complex internal strain in the material must be 
understood, for example by modelling using finite element analysis, to ensure the 
output from the sensor is interpreted correctly and the satisfactory egress of the optical 
fibre from the composite structure without unduly bending (or fracturing!) the optical 
fibre.
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2.3.3. The use of FBGs to monitor damage In composite 
materials
As indicated in the previous section, there has been some research into the application 
of embedded FBG sensors to measure strains and also damage in composite materials 
within a civil engineering context. With regard to damage detection using FBGs in 
general, the FBG does not actually "detect damage", as it is only sensitive to applied 
strains which cause modifications to the reflected wavelength of the FBG. However, 
damage to a material changes the strains in the material, compared to the undamaged 
state, and so causes changes in the light (both the wavelength and intensity) reflected 
by the FBG. It is the interpretation of the modifications to the reflected spectra, i.e. the 
data processing, that is often the prime focus of much of the research in this area.
With regard to FBG monitoring of damage, the damage mechanism in composite 
materials that has received the most attention is matrix cracking, a type of generic 
internal damage which is normally the precursor to delaminations and eventual 
laminate failure. Okabe et al (2000, 2001) reported that accumulating matrix cracks 
could be detected using FBGs in carbon fibre reinforced plastic (CFRP) cross-ply 
laminate coupons, with an FBG sensor embedded in the 0° ply close to the central 90° 
ply (a separate study by Ussorio et al (2006) focussed on the effect on the FBG 
spectrum of a single matrix crack in GFRP). Figure 2.3 shows the reflected spectra 
and a schematic of the CFRP coupon, with embedded FBG sensor used by Okabe et 
al. In both of these studies, the principle of operation relied on the non-uniform strain 
that results from the presence of cracks in the 90° ply. A uniform strain on the FBG 
causes it to reflect a single peak of light; a single matrix crack will cause the grating 
spacings adjacent to the crack to elongate, reflecting higher wavelengths (both with 
and without an externally applied load). This causes a widening of the reflected 
spectrum or splitting of the spectrum into two peaks. In addition, if there are multiple 
cracks, additional sections of the sensors will experience increased strain. It was 
suggested, by Okabe et al, that the transverse crack density could be estimated by 
measuring the width of the reflected spectrum at half the maximum intensity. Figure 
2.3 shows that there is some peak splitting in the reflected spectra, but as the spectra 
have been recorded at different levels of applied strain, it is difficult to make a direct 
comparison between the undamaged spectrum (p = 0 cm'^) and the spectra recorded
1 0
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with matrix cracks present. The width of the spectrum at half maximum optical 
power, about 7.5 nW, is actually reduced for the two highest crack densities (spectra E 
and F in Figure 2.3), contradicting the suggestion that crack density can be estimated 
from the width at half the maximum intensity.
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Figure 2.3 Detection of matrix cracking using an FBG sensor: reflected spectra and schematic of
CFRP coupon (after Okabe 2000).
Delaminations between plies in composite laminates have also been monitored using 
FBGs. Takeda et al (2002) used embedded small diameter FBGs to detect 
delaminations in CFRP laminates, lay-up (9 O10/O4/9 O10). Coupons were loaded in four- 
point bending to grow delaminations between the plies, the sensors being embedded 
in a central 0° ply. Two types of specimen were used. Type A and Type B. Type A, 
contained an FBG located centrally on the starter crack, with delaminations growing 
from the centre of the sensor towards both ends of the sensor simultaneously. The 
other configuration. Type B, had the FBG located to one side of the starter crack, so
11
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that the delaminations grew from one end of the sensor towards the other end of the 
sensor. The specimens configurations are shown in Figure 2.4
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Figure 2.4 Specimen configuration (after Takeda 2002).
The study used both experimental and computational data to investigate the effect of 
the delaminations on the reflected spectra. Spectra from the Type A test, Figure 2.5, 
showed significant peak splitting when the starter crack was made (b), but this 
splitting disappeared from the spectrum (both experimental and calculated) with 
increasing disbond length (d, e, f), the result being that the spectrum simply appeared 
to be shifted (g), as if a uniform strain had been applied to the sensor. If the initial 
spectrum is compared with the final spectrum, without knowledge of the intervening 
measurements, it appears that the FBG was simply subject to a uniform strain. The 
peak splitting is also very similar to that seen when detecting matrix cracks (Figure
2.3). The Type B configuration showed different changes in the spectra; the initial 
crack caused a widening of the reflected spectral bandwidth (b), the shortest 
delamination caused a further widening and a small secondary peak to appear (c), and 
increasing delamination length increased the strength of the secondary peak, although 
at long delamination lengths the spectrum returned to a single shifted peak (h). The
12
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experimental data and computational data were in good agreement and showed the 
potential of the FBG to monitor growing delaminations, but also that the sensor 
placement needs to be very carefully considered if spectra are to be interpreted 
correctly (for example, if matrix cracking is not to be confused with delaminations 
and vice versa).
13
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Takeda et al (2005) also investigated the possibility of using FBGs to monitor 
delaminations caused by low velocity impacts. Using small diameter sensors 
embedded in a cross-ply CFRP laminate, specimens were impacted with a dropped 
weight at increasing impact energy. The sensor was located 10 mm from the impact 
point, in the 90° ply, and parallel with the 90° fibres. Delaminations were detected and 
again the authors claim to be able to relate the shape of the reflected signal to the size 
of the damage due to impact. Their method for determining the extent of the 
delamination related the size of the delamination to the ratio between the main 
reflected peak and the largest secondary peak. However, the reflected spectra showed 
very similar changes to those seen when using FBGs to detect matrix cracking and 
delaminations not caused by impact. In addition, some reflected spectra showed only 
one peak after impact and others had multiple secondary peaks, making interpretation 
very difficult.
The end-notch flexure (ENF) test is a common laboratory test to determine the mode 
II interlaminar fracture toughness of composite materials (Wang et al 2009). The test 
uses a simple beam that is bent in three- or four-point bending to propagate 
delaminations through the material (a delamination start film is embedded at the mid 
plane in one end of the test specimen). Ling et al (2007) have used normal FBGs to 
monitor three-point ENF tests. They embedded the sensors at different positions in the 
thickness of a 10 ply woven fabric laminate. The beams were loaded to propagate 
delaminations between the central plies, with the reflected spectra recorded 
continuously during the test (but at an unspecified rate). The authors detected peak 
splitting due to the non-uniform strain fields, and did not show any spectra to 
demonstrate the changes for different delamination lengths at the same applied 
bending load, making direct comparisons on the effect of delamination length on the 
reflected spectrum impossible.
FBGs have also been used to detect damage in bonded structures (Li et al 2006 (i and 
ii) and Takeda et al 2007) and bonded honeycomb panels. Minakuchi et al (2007) 
embedded FBGs to detect disbonds between the skin and core of a honeycomb panel, 
with the sensors embedded in the adhesive between the skin and core. The FBGs were 
of small diameter (52 pm coating and 40 pm cladding), because the normal size of 
optical fibre disturbed the adhesive fillet joining the skin and core. The FBG in the
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bonded structure was subjected to non-uniform strains, producing a spectrum with 
multiple peaks. When the skin disbonded at a honeycomb rib, the strain at this 
location returned to a more uniform state and the spectrum narrowed, the idea being 
that it would return to a single peak when all of the ribs had disbonded. The 
experimental study using FBGs did not completely achieve this; small secondary 
peaks were still present, but were not discussed by the authors. The most likely cause 
of the residual secondary peaks is the presence of stresses caused by residual adhesive 
on the FBG sensor. The paper also suggested a further development of the sensing 
technique, one that would enable an individual disbonded rib to be identified, by using 
a chirped FBG (as discussed later; see Section 2.4).
2.3.4. Other FBG applications
FBGs have been used for a number of additional applications. Cure monitoring is one 
of the areas which has received much attention. Idriss et al (1998), for example, 
monitored the cure of a concrete deck by recording the temperature and strains from 
FBGs over a period of 38 days. In composite panels, FBGs have been used to monitor 
the development and residual strain during and after cure (e.g. Dunphy et al 1998, 
Murukeshan et al 2000, Jung et al 2007 (2), Hemandez-Moreno et al 2009, Khoun et 
al 2011). Dunphy et al recorded the output of an FBG which was embedded in a 
composite (either pre-preg or resin transfer moulded (RTM)) prior to cure. The output 
of the FBG was then monitored during the cure cycle. Figure 2.7 shows a plot of 
wavelength and cure temperature (labelled "100") against time for a FRP composite 
with embedded FBG sensors. The degree of cure was established by the shape of the 
wavelength (Bragg) - time curve; between the points labelled 104 and 106 the sensor 
was strained by the reinforcement fibres applying transverse force to the FBG, due to 
the action of the press on the high viscosity resin. This process stops at point 106 
because the viscosity of the resin falls and this reduces the stress it can transfer to the 
reinforcement fibres and hence the FBG. The resin then form chemical crosslinks and 
adheres to the FBG, which can then strain the fibre as the temperature increases (the 
resin has a positive coefficient of thermal expansion). The method provides a simple 
way of monitoring the cure of polymers, but it is not obvious if the method could 
establish the degree of cure, how much of the polymer is crosslinked. Khoun et al 
(2011) used FBG sensors embedded in the laminate to monitor the cure of a
17
Chapter 2: Literature review
composite made by the RTM process. They were subsequently also able to use the 
FBGs to measure the coefficient of thermal expansion of the cured panel (by 
calculating the gradient of the strain - temperature measurements while heating the 
cured laminate), which was in reasonable agreement with a thermo-mechanical 
analyser measurement.
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Figure 2.7 Wavelength variation measured against time for cure monitoring application (after
Dunphy 1998).
The versatility of the FBG has seen it being investigated for a wide range of other 
industrial applications. These include measuring current in high voltage power lines 
by using a current transformer to drive a piezoelectric element (Rao, 1999), the 
deformation of which is then measured by an FBG; here, the very low sensitivity to 
electro-magnetic interference is an advantage. Other applications include the 
measurement of the slamming force experienced by water craft (Rao, 1999) and the 
development of a large range shear force sensor (Suresh et al 2004). FBGs have also 
been demonstrated to be useful ultrasound detectors (Tsuda, 2005, Kirk by et a! 2011 ). 
Tsuda suggested that FBG ultrasound detection showed some degree of superiority 
compared to conventional piezoelectric sensors in being able to differentiate between 
a wave that travelled directly to the sensor without passing a damaged area and that 
traversed a damaged area, based on a combination of the time signature of the 
response and the shape of the response.
1 8
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FBGs have also been applied to measuring the surface strains of metals. Kim (2006) 
used FBGs for long-term measurement of strain around welds in ships (as an 
improvement on electrical gauges, which are unstable over time) and Callaghan et al 
(2011) successfully measured the strain in the blade of a pair of scissors designed for 
robotic surgery by using a surface bonded FBG. The FBG was chosen because of the 
limited space available on the scissor blade and the need to have the transducer as 
close to the cutting position as possible. The aim of the study was to provide a 
measurement of the cutting force of various materials during surgery; the resulting 
apparatus had a resolution of 0.5 N and a range of 30 N.
A common problem encountered with embedded FBG applications is the need to 
allow the egress of the optical fibre from the structure (noted in early FBG research by 
Merzbacher et al 1996 and by Davis et al 1997). This remains a significant issue and, 
at the time of writing, this author knows of no commercially available connector 
designed to allow the egress of an optical fibre from a composite panel. At a research 
level, it is common to use PTFE and silicone tubes to protect the fibre where it exits 
the laminate (this method was used by Betz et al, 2003). This approach is not 
compatible with trimming of the laminate when the fibre exits, so that if FBGS are 
incorporated into composites, it is necessary for the fabrication to be net shape (at 
least on one edge). Development of connectors has, to date, been restricted to the 
laboratory. The edge exit connector reported by Sjogren (2000) and the surface exit 
connector reported by Green and Shafir (1999), both rely on standard optical 
connector components. If embedded FBG sensing is to be adopted widely, there is a 
need for both of these connectors to be developed; edge connectors will not always be 
suitable (e.g. if the edges butted against other parts) and there are similar 
complications where a surface exit connector would not be suitable.
2.4. Application of chirped FBGs in SHM
The chirped fibre Bragg grating (CFBG) has not received as much attention in SHM 
as the usual FBG with uniform grating spacing. The chirped grating has a feature that 
makes it potentially useful for determining the size and location of the damage in a 
structure. This is due to the relationship between the position within the reflected 
bandwidth and the physical location on the sensor, as illustrated schematically in
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Figure 2.8. For example, the wavelength of light reflected from the CFBG at a point 
30% along the length of the sensor, is the same wavelength as the light at 30% of the 
width of the reflected spectral bandwidth.
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Figure 2.8 Reflected spectrum from a CFBG, showing the relationship between the position on 
the sensor and the position in the spectrum.
If the CFBG sensor experiences a non-uniform strain along its length, for example a 
matrix crack at the centre of the sensor length, a perturbation, a trough or a peak, will 
appear in the reflected spectrum. The position of the perturbation in the spectrum is 
directly related to the position of the non-uniform strain, so in the case of a matrix 
crack located at the centre of the sensor, a perturbation will appear half way along the 
spectrum bandwidth. This property has been exploited to demonstrate damage 
location identification and damage size measurements in composite laminates and 
bonded structures.
The first application of chirped FBGs to monitor damage was by Okabe, Takeda and 
colleagues. Okabe et al (2004) had previously demonstrated the damage detection 
possibilities of the fibre Bragg grating sensors when applied to the matrix cracking of 
cross-ply laminates. The authors noted the perceived shortcoming of using uniform 
FBGs to detect matrix cracking, which could possibly estimate the crack density, but
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not identify the position of individual cracks. For the work with CFBG sensors, 50 
mm long CFBG sensors were embedded in cross-ply CFRP laminates which were 
then loaded to produced matrix cracks (as in the previous work). X-rays were used to 
identify the position of the cracks in the specimen. The reflected spectra from the 
CFBG showed dips in the reflected spectra at the location of each transverse crack, 
with similar results obtained for both conventional diameter (125 pm)optical fibre and 
small diameter (40 pm) optical fibres which they used. The strain distribution was 
calculated (using a closed form solution), from which the grating period distribution 
was calculated. The grating distribution was then input into IFO_Gratings, a 
commercial photonics design software, to predict the reflected spectrum based on the 
strain distribution. The predictions showed reasonable correlation to the experimental 
spectra, but showed a large amount of noise in the predicted spectra, which was not 
discussed. The noise is probably attributable to the resolution of the grating 
distribution from the closed form solution, i.e. how many data points were used to 
make the predictions.
A more complicated damage scenario was investigated by Yashiro et al (2007) in a 
CFRP laminate with a hole, and the CFBG sensor was used in a novel fashion to 
determine the strain distribution.. In this study, a CFBG sensor was embedded 
adjacent (approximately 3.5 mm away) to a hole in a CFRP panel, which was then 
strained to induce damage in the composite, in the form of matrix cracks and 
delaminations. The damage caused extensive changes in the reflected spectra. The 
authors attempted to back-calculate the strain experienced by the CFBG sensor, 
giving rise to the recorded spectra. This was achieved by using an iterative process 
that divided the grating into 100 segments, estimated the initial strain state, created a 
grating period distribution that produced a predicted spectrum and then modified the 
strain distribution to minimise the errors between the experimental spectrum and the 
predicted spectrum; this process was repeated until the predicted and experimental 
spectra converged. The back calculation of the strain had a low resolution, since only 
100 segments were used, and appeared to capture only the larger changes in the 
spectrum. The changes in the spectrum caused by each individual type of damage, 
(i.e. matrix cracking and longitudinal splitting) were not extensively discussed, and 
unfortunately it was not made clear which changes in the spectra could be attributed 
to splitting as opposed to matrix cracking.
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Minakuchi et al (2007), who had investigated the possibility of detecting debonding 
facesheets in honeycomb panels, also used CFBG sensors. Small diameter CFBGs 
were embedded between the honeycomb and the facesheet to monitor the locations of 
the debonded honeycomb ribs. The fabrication of the honeycomb panel again caused 
the ribs of the honeycomb to press on the sensor. Figure 2.9 (b) shows that this caused 
a series of perturbations to appear in the spectrum at the location of each rib as a 
consequence of a change in the local strain at each rib-crossing location. When the 
rib subsequently disbonded (Figure 2.9 (c)), the perturbation size was much reduced 
(the residual adhesive prevented the sensor returning to the initial unstrained state). 
These results were confirmed by numerical modelling of the honeycomb panel with 
embedded CFBG, which produced predicted spectra that were similar to the 
experimental spectra, but with smaller residual perturbations after disbonding. The 
results suggest that this application would be confined to situations where no 
alternative was possible, as the possibility for misinterpretation of the de-bonded 
spectra is large.
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Figure 2.9 Reflected .spectra from CFBG embedded in honeycomb panel (a), before embedding, 
(b) after embedding and (c) after debonding of honeycomb (after Minakuchi 2007).
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With regard to applications in other bonded structures, Palaniappan et al (2005) 
demonstrated the use of a chirped FBG to monitor the growth of a disbond between 
two identical composite adherends which had been adhesively bonded into a single 
lap joint. The sensor was embedded in one of the adherends and was interrogated with 
the bonded joint subject to a small external load. The experimental spectra showed 
that a perturbation appeared in the reflected spectrum at the location of the disbond 
front, so the sensor could detect the initiation of disbonding and the subsequent 
growth as the joint was subject to fatigue cycling. A sensor that ran the complete 
length of the bonded joint was also able to detect disbonds at both ends of the joint 
simultaneously, each being seen as a dip in the reflected intensity at the disbond front. 
In order to interrogate the sensor, it was necessary to put the joint under a small load 
since, otherwise, no changes were detectable in the spectra. The experimental work 
was subsequently modelled using finite element analysis and optical predictions 
software (Palaniappan et al 2007), which provided validation of the experimental 
results. Ogin et al (2011) demonstrated the use of a CFBG embedded in the bondline 
of a composite-composite single lap joint to monitor disbonding caused by cyclic 
loading of the joint. The joint was composed of two dissimilar materials, GFRP and 
CFRP, and the joint was cured at elevated temperature. As a consequence of cooling 
(and the different coefficients of thermal expansion of the two materials), a locked in 
thermal strain was present in the joint. As the disbond grew, the locked in thermal 
strain was released, which caused a perturbation in the reflected spectrum from the 
CFBG due to the change in the local strain at the disbond front. In addition, the 
position of the disbond could be located without the joint needing to be loaded. This 
is an interesting result and suggests that it may be possible to monitor disbond growth 
in bonded joints made from dissimilar materials with embedded sensors as well.
In related work, Palaniappan (2008) also used the CFBG sensors to detect the position 
of an embedded defect in the form of a PTFE tape within a bonded GFRP-GFRP 
joint. The presence of the tape disrupted the linearly increasing grating spacing so 
that the defect was detectable in the loaded joint. This preliminary work used an 
artificial insert to simulate the defect, and it would be useful to investigate whether a 
more realistic defect could be detected in a GFRP-GFRP joint, and whether the 
technique is applicable to detecting defects in CFRP-CFRP bonded joints. Sanderson 
et al (2011) have extended the use of the CFBG sensor to monitoring the position of
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délaminations in double cantilever beam (DCB) specimens. In this case, the sensor 
has been surface-bonded, rather than embedded, and a good correlation was found 
between changes in the CFBG spectrum due to disbond growth and the visual 
observation of the position of the disbond front in the transparent GFRP coupons 
used.
2.5. Concluding remarks
This chapter has presented a short review of the literature on applications of Bragg 
grating sensors. The first part focussed on the use of FBGs manufactured with 
uniformly spaced gratings, the second on the application of chirped FBGs.
The aim the work in this thesis is to extend the previous applications of CFBG sensors 
in three areas. First, the study will focus on the detection of disbonding in composite- 
metal bonded joints, to investigate whether a sensor embedded within a composite 
material can be used to detect disbond propagation in a composite-metal bonded joint. 
Second, the potential for the detection of manufacturing defects within the bondline of 
composite-composite bonded joints first investigated by Palaniappan (2008) will be 
extended to more realistic defects and to CFRP-CFRP bonded joints. Finally, this 
study will extend the use of the CFBG sensors to a more complex loading geometry 
than has been attempted previously i.e. the monitoring of delamination length in a 
composite laminate when the delamination is subjected to mode II loading.
The thesis is structured as follows. The next chapter. Experimental Methods, 
describes the manufacture of the materials used, specimen preparation, the equipment 
used to interrogate the CFBG sensors and the testing procedures. Chapter 4 describes 
the investigation into detecting disbond growth in GFRP/Aluminium joints. Chapter 5 
describes the possibility of detecting bond-line defects in GFRP-GFRP using more 
realistic defects, and also in CFRP-CFRP bonded joints. Chapter 6 investigates the 
use of CFBGs to monitor delamination in end-notch flexure CFRP coupons. Chapter 7 
describes an investigation into the effect of CFBG reflectivity on the sensitivity to 
non-uniform strain fields.
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3. Experimental methods
3.1. Introduction
This chapter describes the methods used to manufacture materials, perform the 
experiments and the procedures used for the analysis. The manufacture of glass fibre 
reinforced (GFRP) and carbon fibre reinforced (CFRP) laminates will be described 
first, followed by the details of embedding the optical fibre sensors. The manufacture 
of single lap joints follows, including composite-aluminium and composite-composite 
joints with embedded defects. The second part of the chapter covers the experimental 
procedures involved with tension-tension fatigue testing of single lap joints, End- 
notch flexure tests. Table 3.1 shows a summary of the specimen types and mechanical 
tests used. The final part of the chapter describes additional procedures; polishing of 
coupons, X-radiography of damaged composites, bum-off tests to determine fibre 
volume fraction and the plate-twist test to determine the shear modulus.
Table 3.1 List of specimen configurations and tests used
Specimen type Mechanical test
GFRP-Aluminium SLJ Tension-tension fatigue 
Quasi static tension
GFRP-GFRP with defect Quasi static tension
CFRP-CFRP with defect Quasi static tension
End-notch flexure Four-point bend
Plate-twist Plate-twist
With regard to test standards, the plate twist test conformed to EN 15310:2005. The 
test standards for single lap joints, for example EN 2243-1:2005, use short overlap 
lengths that would not be compatible with the investigation of the CFBG sensor 
performance. There is no agreed test standard for Mode II fracture toughness 
measurement which is the normal purpose of the end-notch flexure test. An ASTM 
standard is under development, designated WK22949.
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3.2. Materials, preparation and manufacture
3.2.1. Introduction
This part of the chapter describes the methods used to manufacture the tests 
specimens. Manufacture of GFRP and CFRP panels is covered first, followed by the 
incorporation of optical fibres in the panels. Fabrication of the bonded joints, with and 
without defects, precedes the description of end-notch flexure.
3.2.2. GFRP laminate manufacture
GFRP panels were manufactured using a wet lay-up process. A dry pre-form of 600 
tex PPG9000 roving was made on a filament winding machine. The pre-form was 
constructed on a square 420 mm x 420 mm (nominal dimensions) metal frame and the 
normal lay-up used was (02/90/0ô)s. The laminate was fabricated by winding the 12 
glass fibre layers that make up the centre of the laminate first, then turning the frame 
90 degrees to wind the two 90 plies before returning the frame to the original 
orientation to wind the final 0 degree plies.
The winding machine used is shown in Figure 1.1. This machine was designed by the 
author during the project and was manufactured by MS Precision; an older winding 
machine, which dated from the mid-1970s and had been previously used in many 
projects to produce transparent laminates, was deemed electrically unsafe.
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Figure 3.1 Pre-form winding using dedicated filament winding machine.
The dry pre-form formed after winding the rovings onto the frame was manually 
impregnated with resin. A three-part epoxy resin was prepared from 100 parts 
Bisphenol A Epichlorohydrin resin 300:60 parts MNA epoxy embedding medium 
hardener and 4 parts of Ancamine K61B catalyser, by weight; these chemicals were 
supplied by Kommerling UK, Fluka and Air Products, respectively. The components 
were mixed and degassed in a vacuum oven at 50 °C. Half the degassed resin was 
poured onto a release film that was sited above a cold plate, which increased the 
viscosity. The release film was then inverted and placed onto the dry pre-form, which 
was in a vacuum chamber above a hot plate. The vacuum was applied for 20 minutes. 
The frame was flipped over and resin was applied to the other side of the pre-form in 
the same manner. The laminate was returned to the vacuum chamber for another 20 
minutes. Any air bubbles remaining in the uncured laminate were then removed by 
pushing them along the fibres using a flat tool. The laminate was cured in a press in a 
conventional oven for 3 hours at a temperature of 100 “C. A pressure of 10 kPa was 
applied to the laminate during cure.
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The cured laminate, with nominal dimensions 300 mm x 300 mm was cut from the 
frame using a wet diamond plunge saw and then cut into coupons using a wet 
diamond saw. No additional post-cure was performed because coupons underwent a 
post-cure during fabrication of the lap joints.
3.2.3. CFRP laminate manufacture
CFRP laminates were made using an out-of-autoclave pre-preg. The material, 
supplied by the Advanced Composites Group, was a 12k high strength fibre in 
MTM44-1 resin and had a nominal pre-preg thickness of 0.25 mm. The normal lay-up 
used for laminates was (02/90/02)s, but other lay-ups were used for the ENF and plate 
twist specimens (described in Sections 3.3.4 and 3.5.5). A reusable vacuum bag 
system was employed; a 3 mm thick silicon membrane with bonded vacuum valves 
was contained in a rigid frame that replaced the normal vacuum bag tape and film 
system (Tygavac, 2009).
To fabricate the laminates, the pre-preg material was normally cut into 300 mm x 300 
mm sheets. A flat tool base was covered in a solid PTFE release film and the plies 
were laid on top using a peel down method to minimise trapped air. The stack was 
vacuum debulked for 3 minutes after every third ply, i.e. after ply 3, ply 6, ply 9 and 
ply 10. Figure 3.2 shows a schematic of the debulking process where the first 3 plies, 
i.e. (O2/9 O), have been stacked.
Vacuum frame 
Breather blanket
Solid PTFE
Plies
Solid PTFE
Base
Figure 3.2 Schematic of CFRP debulking assembly.
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After adding the final ply, the stack was debulked for a final time. The preparations 
for the curing stage were as follows; glass tows were placed in strategic locations to 
bleed excess resin from the laminate and prevent optical fibre damage (in laminates 
containing sensors), and a perforated PTFE film was applied to bleed resin from the 
top surface, which was followed by a sheet of solid PTFE and a top tool plate. The 
glass tows were wrapped around onto the breather blanket to contain the excess resin. 
Figure 3.3 shows a schematic of a laminate ready for cure.
Vacuum frame 
Glass tows 
Breather blanket
Metal plate 
Solid PTFE 
Perforated PTFE
Laminate
Solid PTFE
Figure 3.3 Schematic of CFRP cure assembly.
The laminate was cured in a conventional oven with a cure cycle of heating to 65 °C, 
dwell for 30 minutes, heating to 130 °C, dwell for 4 hours. The oven heating elements 
were switched off and the laminate/tool assembly was allowed to cool in the oven 
overnight (between 12 and 16 hours). The vacuum was maintained through the 
duration of the cure and cooling. After fabrication, coupons were cut from the 
laminate using a wet continuous rim abrasive diamond saw. No additional post-cure 
was performed; coupons made into bonded joints underwent a post cure during joint 
fabrication, ENF and plate twist coupons were not post cured. The pre-preg 
manufacturer recommends a high temperature post cure (2 hours at 180 ”C) to realise 
the full mechanical properties of the resin system, but it was found that the optical 
fibres were damaged at high temperature and the post-cure could not be performed.
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3.2.4. Incorporation of optical fibres sensors
Standard telecommunications grade single mode optical fibre with an overall diameter 
(including coating) of 250 pm and a cladding diameter of 125 pm was used for all 
sensors. Gratings were written into the cores of the fibres by colleagues at Nanyang 
Technological University (NTU), Singapore. Sensors had nominal lengths of either 30 
mm or 60 mm and a spectral bandwidth of 20 nm at half the reflected maximum 
intensity. During the writing process the coating of the optical fibre was removed; it 
was not replaced prior to embedding the sensor within the composite.
Where possible, a standard FC/PC type optical connector was bonded directly to the 
end of the fibre containing the sensor, as follows. First, the cladding was stripped 
from the end of the fibre, for a length of approximately 30 mm. Second, Tra-Con Tra- 
Bond FI 12, a two part epoxy adhesive, was injected into a clean connector. Third, the 
stripped optical fibre was inserted into the connector and a bead of adhesive was 
formed where the fibre emerged from the connector, to enable polishing (see Figure 
3.4). The connectors were crimped into place with a flexible boot and furcation tubing 
before being cured for 15 minutes at 65 °C. Cured connectors were polished by hand 
in four steps; first, the excess fibre was cleaved and abraded to be flush with the 
adhesive bead using 5 pm abrasive film; then polished using a precision connector 
holder in a figure-of-eight motion on 5 pm, 3 pm and 1 pm abrasive films. The 
connector was cleaned and inspected after each polishing stage to prevent 
contamination of the subsequent film with larger abrasive.
Figure 3.4 Connectors assembled on optical fibres and manual connector polishing.
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Where it was not possible to put a connector directly onto the fibre containing the 
sensor, for example the fibre tail was too short or had been damaged, the sensor was 
spliced into a longer length of optical fibre using a Fujikura polarization maintaining 
fibre fusion splicer. The splices were positioned so as to be within the composite 
panel after the optical fibre was embedded. The ends of the longer fibre were fitted 
with connectors as described above.
With regard to positioning the optical fibres within the composite panels, the optical 
fibres in the GFRP panels were placed in the dry pre-form as follows. Two plastic 
strips were bolted to the metal frame prior to the final 0° plies being wound. The 
optical fibres were bonded to the strips using silicone rubber, ensuring the optical 
fibre was perpendicular to the 90° reinforcement fibres. The final 0° glass fibre tows 
were then wound over the top of the sensors. The resin impregnation stage followed, 
as described earlier. Consequently, the optical fibres were located in the 0° ply closest 
to the outside of the laminate, at the interface of the 0° and 90° plies, i.e. the lay-up 
was (Oz/optical fiber/90/0i2/90/02).
In CFRP panels, the optical fibres were prepared for embedding by enclosing the fibre 
with a silicone rubber tube in the places it emerged from the panel (labelled “silicone 
protection tube in Figure 3.9). The silicone tubing had internal and external diameters 
of 0.5 mm and 1 mm respectively. The laminate stack was formed up to the ply in 
which the sensor was to be placed and debulked. Cork dam material, with a vee- 
groove to locate the optical fibre, was taped to the PTFE sheet adjacent to the 
laminate stack where the sensor emerged from the panel. The optical fibre was then 
taped into the grooves at both ends of the stack, with the silicon tube extending 
approximately 15-25 mm into the panel. The next ply of pre-preg was placed on top 
of the stack and sensors and debulked immediately. The plies were added in the usual 
fashion and debulked every 3"^  ply. In addition to usual cure preparation (see Section
3.2.3), extra glass tows were used to absorb excess resin where the fibre exited the 
panel and to prevent resin running up the optical fibre by capillary action. The extra 
glass tows where placed on the edges of the laminate stack where the optical fibres 
exited and perpendicular to the optical fibres. The panels were cured and cut into 
coupons as has previously been described.
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After the composite panels were cut into coupons, the location of the sensor was 
established using a simple finger-tightened clamp. A mark was made on the coupon in 
the approximate location of the sensor and the clamped was then applied, Figure 3.5.
Clamp position
r"—
Figure 3.5 Reflected spectrum from CFBG with a perturbation (labelled) as a consequence of 
clamping and CFRP specimen with finger-tigbtened clamp.
A spectrum was recorded with the clamp applied, which showed a perturbation at the 
location of the clamp. A second mark was made and a clamp applied, after which the 
reflected spectrum was recorded a second time. For chirped FBGs, there is a linear 
relationship between the location of a perturbation in the spectrum and the position of 
the cause of the perturbation (in this case the clamp) on the sensor. Consequently, the 
position and extent of the sensor was calculated from the two marks and spectra. For 
the fabrication of the lap joints it was necessary to cut the coupon so the end of the 
sensor was coincident with the cut end of the coupon; with either the high or low 
wavelength end of the sensor adjacent to the cut. Obviously, the sensor could then 
only be intenogated from the length of optical fibre emerging from the other end of 
the coupon.
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3.3. Specimen fabrication for the various geometries 
tested
3.3.1. introduction
In this section the specimen geometries and test methods are described for the 
composite-metal single lap joints, the single lap joints with defects, the end-notch 
flexure.
3.3.2. Fabrication of single lap joints
Three types of single lap joint (SLJs) were manufactured: GFRP-Aluminium, GFRP- 
GFRP with defect and CFRP-CFRP with defect. The surfaces of the composite 
coupons were prepared by lightly abrading the joining surface with fine silicon 
carbide paper before cleaning with solvent (methanol or propanol). Aluminium 
adherends were etched and cleaned with solvent. Joints were fabricated with overlap 
lengths of 60 mm for GFRP and 30 mm for CFPR, in all cases, spacer wires of 
diameter 0.4 mm were used to maintain an even thickness of adhesive.
All joints were made using a single part heat curing epoxy adhesive, Araldite AVI 19, 
which was cured in an oven for 1 hour at 130 °C. After curing, the end tabs and 
spacers were bonded to the joints using 3M DP-490 structural adhesive. This adhesive 
has two possible cure cycles; a room temperature cure for 7 days, or 3 hours at 80 °C; 
both cure methods were used. Aluminium end-tabs were used for all joints. Spacers, 
made from off-cuts of the same coupons that constituted up the joints, were used to 
prevent unnecessary bending. All joints were cured in a jig to ensure proper alignment 
of the adherends. A schematic of a GFRP-aluminium joint is shown in Figure 3.6.
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Figure 3.6 GFRP-Aluminium bonded joint.
3.3.3. Fabrication of SLJs with defects
There were two techniques used to manufacture joints with simulated defects. The 
first variation, used exclusively in GFRP-GFRP joints, used a PTFE film, which acted 
as the control for the adhesive thickness and also as a defect, since the PTFE did 
permit adhesion between the two adherends. The PTFE film was 0.25 mm thick, 12 
mm long and extended the full width of the coupon; a schematic of the joint with the 
PTFE “defect” is shown in Figure 3.7.
k-
60 rnrn
>K-
60 mm
Optical Hbre with CFBG <
-025
PTFE defect
Figure 3.7 GFRP-GFRP SLJ witb PTFE defect.
The second technique attempted to produce a more realistic defect, with the deliberate 
introduction of an air gap into the adhesive layer of the joint. The joint was assembled 
using spacer wires to maintain an even adhesive thickness and gauge the correct 
amount of adhesive, before the two adherends were separated. This left the two 
adherends with uncured adhesive on the entire joint area. A cotton swab stick was 
used to remove adhesive from the required defect position on both adherends and the 
joint was then reassembled and cured in the normal way. The actual position and size 
of the defect was confirmed after testing, by breaking the joint and examining the
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fracture surface. This produced defects that were more representative of real 
manufacturing defects, but as will be seen in chapter 5, producing defects with a 
regular shape proved very difficult to achieve. The schematic of a GFRP-GFRP joint 
is shown in Figure 3.8.
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Qir gap  
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Figure 3.8 GFRP-GFRP SLJ with air defect.
Later joints used an improved technique to realise the air-gap defect. A pneumatically 
powered adhesive applicator (EFD 900) equipped with a needle permitted the precise 
application of adhesive to the adherend surface. This technique produced defects with 
a more regular shape and was used for CFRP-CFRP joints. In Chapter 5, each result is 
accompanied by a schematic of the joint.
3.3.4. End-notch flexure specimens
End-notch flexure (ENF) coupons were produced from CFRP pre-preg and used an 
insert of two sheet of silicon coated release film to initiate the delamination. The film 
was approximately 65 mm long and extended the full width of the composite panel, 
making the lay-up (02/90/02/film)s The delamination was extended using a single edge 
razor blade driven into the delamination. A schematic of the CFRP ENF coupon with 
insert is shown in Figure 3.9.
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Figure 3.9 ENF coupon geometry, showing insert, loading positions and silicone tube used to
protect optical fibre.
The optical fibre containing the sensor was positioned at the first 0/90 interface, i.e. 
the lay-up was (0?/ 90/CFBG/02/film/02/90/02). The sensor was on a plane 
approximately 0.5 mm from the delamination plane at the centre of the laminate.
3.4. The optical system
Two types of optical interrogation system have heen used during this work. For the 
majority of the experiments, the optical system assembled in house was used, as 
shown in Figure 3.10 and schematically in Figure 3.11. Laser light from a broadband 
source (AFC BBS 15/16) was introduced into a four arm 3dB coupler and was split 
into two parts, one going to the sensor and the other to an optical index matching fluid 
(glycerine) where excess laser light was absorbed. The light travelled to the sensor, 
where some wavelengths were reflected back to the coupler and the others passed out 
of the end of the coupon. The light reflected back to the coupler was then passed to 
the Optical Spectrum Analyser (OSA), an Ando AQ-1425. The OSA was computer 
controlled via a GPIB and Vee-Pro software, which recorded the reflected spectrum 
into an Excel readable file. A single scan of the sensor required approximately 20 
seconds to complete in order for the reflected spectrum to be captured.
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Figure 3.10 Optical system 1.
Coupon with 
CFBG sensorComputer
Refractive Index 
matching fluid
Spectrum
analyser
O Broadband light 
source
3dB coupler
Figure 3.11 Schematic of OSA based optical system.
A second optical system was used for later experiments after the initial equipment was 
damaged as a consequence of water damage due to flooding. The second system was a 
dedicated FBG interrogator, type W4-5, a four channel system supplied by Smart 
Fibres Ltd. The inteiTogator combines a laser source and optical recorder, again
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computer controlled. The system is self-contained and the sensor plugs directly into 
the interrogator using standard optical connectors. The software supplied with the 
system continuously scans the sensor at a frequency of 1 Hz. The system is shown in 
Figure 3.12. It should be noted that both systems used produced an output showing 
reflected intensity against wavelength.
Figure 3.12 Optical system used for later experiments.
3.5. Mechanical testing and data acquisition for
geometries tested 
3.5.1. Introduction
In this section, the four types of mechanical test that have been used during this work 
are described. They are; cyclic fatigue (tension-tension), quasi-static tension, 4-point 
bending and plate-twist.
3.5.2. Fatigue cycling of GFRP/alumlnium SLJs
Fatigue testing was performed to propagate the disbonds of composite-aluminium 
bonded joints. The tests were performed on an Instron 1341 servo hydraulic universal 
test machine under computer control (Instron FastTrack 2) (see Figure 3.13). The 
grips of the machine were modified to enable the optical fibre to exit from the end of 
the coupon and then from the grips. The machine operated under load-control and test 
cycle was as follows. From zero load, the machine ramped to the mean load of 3.025
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kN in 10 seconds, a sinusoidal waveform was used to fatigue cycle the coupon 
between a peak load of 5.5 kN and a minimum of 0.55 kN for a set number of cycles 
before stopping at the mean load and unloading on a linear ramp back to zero load in 
10 seconds. The number of fatigue cycles was typically between 1000 and 3000, with 
the higher number of cycles used prior to initiation of the disbond and the smaller 
number of fatigue cycles when the disbond was growing rapidly.
When the fatigue cycling was interrupted, the lower grip was undone to release any 
load on the coupon and relieve any possible bending induced by the grips. The 
spectrum was recorded and the coupon was photographed to monitor the disbond 
propagation. The coupon was fatigued until failure of the joint.
Figure 3.13 Experimental setup for fatigue tests showing test machine and illumination that 
assisted viewing the disbond through the transparent GFRP laminate.
3.5.3. Quasi-static loading of SLJs with bond defects
For the quasi-static testing, an Instron 1341 servo hydraulic universal test machine 
was used. The 1341 was equipped with specially modified grips, as noted above. The 
joints were loaded at a rate of 0.5 mm/minute to a load of 7 kN or 9 kN for joints with
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air defects and PTFE defects respectively. The load was maintained by the machine 
during the spectrum acquisition (approximately 20 seconds).
3.5.4.4-point bending
End-notch flexure coupons were tested in bending using a 4-point bend rig in an 
Instron 5500R universal test machine (5 kN load cell), Figure 3.14. Quarter-point 
bending was used; with a distance over the outer rollers of 160 mm. The test coupon 
was loaded at a rate or 1 mm/minute under computer control until a load of 500N, and 
in later tests 200N, was attained. The reflected spectrum from the CFBG sensor was 
then recorded. The coupon was unloaded and removed from the machine to be x- 
rayed to establish the extent of the delamination. The delamination was then advanced 
by driving a single edge razor into the existing crack after which the coupon was 
replaced in the machine and the procedure repeated until the delamination had 
progressed past the end of the CFBG sensor.
Figure 3.14 4 point bend test.
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3.5.5. Plate twist
The plate twist test was used to determine the shear modulus of the CFRP panels. This 
was needed to complete the material data set required to perform the finite element 
modelling of the bond defect and ENF tests. The plate twist test was developed by 
NPL (Sims et al 1994) and was chosen because the specimen loading and sample 
preparation are very simple. Panels were made with a (O io )  lay-up and cut into 
coupons nominally 110 mm x 110 mm x 2.5 mm. A special test fixture was 
manufactured with tapered pins applying load to the comers (140 mm between 
centres) of the panel, Figure 3.15. The test was performed in an Instron 6025 electro­
mechanical universal test machine (100 N load cell) under computer control (Instron 
Bluehill). An additional extensometer was used to supplement the machine encoder to 
measure the displacement of the crosshead. The test procedure loaded the plate quasi- 
statically at a rate of 0.25 mm/minute to a displacement of 2.5 mm and returned to 
zero displacement.
m m
Figure 3.15 Plate twist test setup.
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Supporting technical procedures
3.6.1. Polishing composite samples for optical microscopy
Samples of CFRP were polished and examined under an optical microscope to 
confirm the internal dimensions and quality of manufactured materials. The samples, 
approximately 20 mm x 2.5 mm x 5 mm, were set in EpoFix epoxy resin in cylinders, 
which were allowed to cure overnight. The samples were then ground and polished on 
a Planopol/Pedemax tabletop machine following the schedule in
Table 3.2.
Table 3.2 Preparation Schedule for CFRP in EpoFix.
Preparation
for: Carbon fibres in Resin
Mounting: Epofix
Grinding I 11 n i IV
Equipment Pedemax / Planopol
Specimen
holder 6 Specimen or 3 specimen
Grinding
media SiC SiC SiC SiC
Grit size 500 1200 2400 4000
Lubricant Water
Speed (rpm) 300 300 300 300
Pressure (N) 30 30 30 30
Until
Time (min) flat 2 2 1
Polishing I 11 n i IV
Equipment Pedemax / Planopol
Specimen
holder 6 Specimen or 3 specimen
DP- DP- DP-
Cloth PLAN DUR DUR OP-CHEM
Grinding
media Diamond Spray OP-S
Grain size 6u 3u lu 0.25u
Lubricant Blue None
Speed (rpm) 150 150 150 150
Pressure (N) 30 30 30 30
1 +
Time (min) 5 5 5 10 seconds water
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Polished samples were examined under an optical microscope linked to a computer. 
Software enabled the samples to be photographed with embedded scale data. The 
photographs were subsequently analysed to measure the ply thicknesses and the 
position of the optical fibre.
3.6.2. X-radiography
Dye penetrant X-radiography was used to examine the internal damage of CFRP 
laminates after testing. The X-ray machine used was a Baltospot stand alone cabinet 
with a maximum energy of 100 KV.
A dye penetrant based on zinc iodide was prepared using 60 g zinc iodide, 10 ml 
ethanol, 10 ml photographic wetting agent (ILFOTOL) and 10 ml of water. Dye 
penetrant was applied to the damaged areas of coupons using a syringe and allowed to 
soak into the damage for approximately 30 minutes. Excess dye penetrate was washed 
off using an ethanol wetted tissue before the coupon was placed on top of the film 
inside the X-ray cabinet. Lead plates were used under the film, but lead intensifying 
screens were not used. Metal markers were used to indicate exposure number and 
coupon orientation. The film was exposed for 120 seconds at 65 KV.
AGFA NDT D3 extra fine grain film was used and processed manually using G 128 
developer and G328 fixer. The film was developed for 300 seconds, rinsed in a stop 
bath (ILFOSTOP) and then water before being fixed for 360 seconds followed by a 
running water rinse for 120 seconds. Excess water was removed from the film using a 
squeegee was left to dry overnight before examination on a light box.
3.6.3. Volume fraction determination
The volume fraction of GFRP laminates was established by performing bum off tests. 
The tests were used to verify the quality of the produced laminates. The procedure 
was as follows. Small sections of coupons were cut from ends or from the centre of 
spares, approximate size 20 mm x 20 mm x thickness. The coupons were placed in 
ceramic cmcibles with lids and weighed before being placed in an electric ashing 
furnace. The furnace was ramped to 600 °C which was maintained for 4 hours before
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cooling to room temperature. The crucibles were then weighed with the remaining 
glass fibres and then cleaned and weighted without. The weight of fibres and matrix 
was calculated and used with the densities of the materials to find the volume fraction 
of glass fibres.
3.7. Concluding remarks
This chapter has described the procedures involved in manufacturing and testing the 
materials used in this study. The manufacture of GFRP and CFRP laminates was 
explained and this was followed by the preparation of the optical sensors and bonded 
joints. The procedures for the mechanical tests were then described and finally the 
sporting procedures, X-radiography and polishing. In the next chapter, the first results 
are presented which are concerned with the detection of disbonds in metal-composite 
bonded joints.
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4. Detection of disbond initiation and growth in 
GFRP/aiuminium bonded joints
4.1. Introduction
It has been demonstrated previously (Paliniappan 2008) that a CFBG embedded in a 
composite adherend can be used to detect disbond growth in composite/composite 
bonded joints subjected to fatigue loading. The joints in that study had to be externally 
loaded for the spectra to change in response to the disbond. In this chapter, 
GRFP/aluminium joints are investigated to establish whether the relaxation of a 
locked-in thermal strain, caused by having adherends with different coefficients of 
thermal expansion (CTE), is sufficient to enable the sensors to be used to detect 
disbond growth without an external load. The changes in spectra due to bonding 
adherends with dissimilar coefficients of expansion are shown first, then the changes 
within the spectra caused by initiation and growth of a disbond are described. Finally, 
finite element analysis (FEA) of the strains within the joint, and the subsequent 
optical modelling, are presented.
4.2. Thermal strains due to formation of the joint
4.2.1. Experimental results
The joints used for this part of the study were bonded at elevated temperature, 120 °C, 
and cooled to room temperature for testing. The three different materials that 
comprised the joint all had different coefficients of thermal expansion, with the 
consequence that the finished joint had locked in thermal strains after cooling.
The fabrication of the GFRP laminate with the embedded sensors used for the study 
has been described in Chapter 3. The GFRP laminate was a (02/90/06)* lay-up, with 
nominal ply thickness of 0.25 mm. This was bonded to an aluminium adherend at 
elevated temperature using the adhesive AVI 19. This adhesive, a single part heat- 
curing epoxy, has a dry glass transition temperature of 102 °C (Broughton et al 1999);
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for the purpose of this work this temperature has been used as the “lock on” 
temperature, i.e. the temperature at which the three components of the joint are locked 
together. The aluminium, a 1000 series alloy with a thickness of 1.94 mm, had a 
coefficient of thermal expansion (CTE) and Young’s modulus of 23.6 x 10'  ^ K ' and 
69 GPa respectively (Smithells).
Two GFRP adherends were bonded to aluminium adherends and the reflected spectra, 
at room temperature, from the GFRP adherends before and after bonding were 
recorded. The spectra from the CFBG sensors after bonding were shifted by 0.81 nm 
and 0.71 nm, respectively, towards lower wavelengths. Figure 4.1 shows typical 
spectra before and after bonding for the joint which showed the shift of 0.81 nm, with 
the light grey spectrum being the reflected spectrum after bond formation.
-40 ■
;D -45 -
Si -50 -
-55 -
-60
1528 1533 1538 1543 1548 1553
Wavelength (nm)
Figure 4.1 Showing the shift in the spectrum caused hy bonding the GFRP adherend to the 
aluminium adherend for coupon 60-3. The black line is before bonding and the grey line is after 
bonding. The dips at 1535 nm and 1541 nm are caused hy the spacer wires used to maintain even
adhesive thickness.
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The shift of the spectrum to lower values suggests that the sensor embedded within 
the GFRP adherend is now subjected to a compressive strain and knowing the 
sensitivity of the CFBG sensors, this strain can be estimated. The strain sensitivity of 
a 60 mm CFBG is approximately 1.13 x 10'^ nm/ps (Palaniappan, private 
communication). Consequently, a shift of 0.76 nm (the average for the two joints) 
suggests a compressive strain of about -673 pe.
4.2.2. Ciosed-form, one dimensional modelling of the locked- 
in thermal strain
The magnitude of the locked-in thermal strain measured using the embedded CFBG 
sensor can be estimated using a simple closed-form, one dimensional approach. This 
requires the coefficient of thermal expansion (CTF) of the laminate to be calculated; 
then knowing the CTF of the aluminium, the lock-on temperature for adhesive bond 
formation and the change in temperature to room temperature (from the bond 
formation temperature), the locked-in thermal strain can be estimated.
The CTF of the laminate, and subsequently of the joint, was estimated by using a one­
dimensional expression for the CTF of a bi-material strip (eq. 3). If ai, 0.2, Ei, E2, ti 
and t2 are the CTFs (ui, «2,), Young’s moduli (Fi, F2) and thicknesses (ti, t2) of two 
materials A and B respectively, then balancing forces in each material for a 
temperature change of AT (assuming symmetry of the strip about its mid-plane), the 
coefficient of thermal expansion, Œeff, of the bi-material strip is given by (Jones et al, 
1983):
- (eq. 3)
Table 4.1 Tbermo-elastic constants used in tbe calculation of tbc laminate and joint coefficients of
thermal expansion.
Material (CTF) X 10 '’ K  ' Young’s modulus 
(GPa)
Aluminium 23.6 69
0" ply GFRP 6.7 42
90"" ply GFRP 29.3 13
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For the GFRP material, the required thermoelastic constants are shown in Table 4.1, 
These values have been taken from the work of Boniface et al (1993), who measured 
these thermoelastic constants for the same GFRP material. Using these values, and 
the ply thickness of 0.25 mm for the (02/90/06)s, the laminate CTE in the 0® ply 
direction is 7.54 x 10'^ K '\
The same expression (eq. 3) can now be used to estimate the CTE of the 
GFRP/Aluminium joint. In this case, the single lap-joint joint is, of course not 
symmetric, and this asymmetry cannot be included in this simple one-dimensional 
approach. Similarly, the existence of the thin, 0.4 mm thick, adhesive layer is ignored 
for the purposes of this calculation. Using eq. 3, the CTE for the GFRP/Aluminium 
joint is found to be 14.4 xlO'^ K '\
When the adhesive joint is formed, there is a temperature drop from the lock-on 
temperature of 102 °C to room temperature, i.e. a temperature change of about 82 K. 
Consequently, the total strain in the joint due to such a temperature change (ajointAT) 
would be about -1180 pe. However, the compressive thermal strain that the CFBG 
sensor would see as a consequence of the being embedded within the GFRP laminate 
(aiamAT) is about -618 pe. Consequently, the additional compressive strain as a 
consequence of forming the GFRP/Aluminium joint is predicted to be a compressive 
strain of -562 pe. This value is in reasonable agreement with the experimentally 
measured value of -673 pe, but the difference between the two values is due to the 
simplifications involved in this one-dimensional analysis. The most significant 
omissions are the asymmetry of the joint and the fact that the adhesive was not 
included here. The finite-element analyses described in Section 4.4 include both of 
these aspects and better agreement is then found between experiment and prediction.
The shift in the spectrum to lower wavelengths, caused by the strains locked into the 
joint after bonding at elevated temperature, is important because the relaxation of 
these strains when a disbond initiates enables disbond initiation and growth to be 
monitored, as will be seen in the next section.
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4.3. Experimental detection of disbond initiation and 
growth using CFBG sensors
4.3.1. introduction
In this section, the use of the sensors to detect disbond initiation and growth is 
described. In both cases, it is the relaxation of the locked-in thermal strain which 
enables the disbond to be detected. The joints were subjected to fatigue loading, as 
described in Section 3.5.2, and disbond initiation and growth was monitored using in- 
situ photography and also with the aid of the CFBG sensor. In these experiments, the 
reflected spectra were recorded with the joints released from the bottom grip of the 
machine so the joints were subject to no applied load; in addition, releasing the joints 
in this way avoided any possible bending of the joints.
4.3.2. Detection of disbond initiation and growth adjacent to 
the iow-wavelength end of the sensor
Figure 4.2 shows a typical change in the reflected spectrum when a disbond initiates 
adjacent to the low-wavelength end of the sensor (in this case, the low-wavelength 
end of the CFBG sensor is located at the cut end of the adherend). The transparent 
GFRP adherend permitted direct observation of the joint. The figure shows the 
spectrum before the disbond has initiated (black line in the figure) and after the 
disbond has initiated (grey line). The shift in the low-wavelength end of the spectrum 
to higher wavelength values is a characteristic feature of disbond initiation.
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Figure 4.2 Shift in spectrum caused by initiation of disbond in GFRP-Aluminium bonded joint 
60-7; tbe black line is tbe spectrum prior to disbond initiation.
4.3.3. Qualitative expianation of the results for disbond 
initiation adjacent to the iow-waveiength end of the sensor
Figure 4.3 shows a schematic of disbond initiation at the LW end of the CFBG. In the 
figure, the yellow section represents GFRP material (within which the CFBG sensor is 
embedded) which has locked in strain from bonding and the blue section represents 
material with no locked-in thermal strain. When the disbond initiates, the CFBG in the 
blue section extends to its original unstrained state and the grating periods increase. 
This increases the wavelength of the light reflected from that section, and this is seen 
in the reflected spectrum by a shift in the spectrum at the LW end of the spectrum to 
higher wavelengths at disbond initiation. At the low wavelength end, this also causes 
a peak to appear, since the grating periods become similar to those in the sensor just 
ahead of the disbond front.
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Figure 4.3 schematic of the effect of a disbond starting at tbe termination of tbe GFRP adherend
on tbe joint and CFBG.
4.3.4. Detection of disbond initiation and growth adjacent to 
the high-waveiength end of the sensor
Figure 4.4 shows the effect of disbond initiation in the composite-metal bonded joint, 
when the disbond initiates at the HW end of the CFBG. In this specimen, the HW end 
of the CFBG was located adjacent to the termination of the aluminium adherend. The 
spectrum shows two changes: there is a peak that has developed (labelled A) at the 
very end of the spectrum and a dip (labelled B) that has also developed to the left (i.e. 
at lower wavelengths) of the peak. An explanation of the physical causes follows in 
the next section.
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Figure 4.4 Change in spectrum caused by initiation of disbond at high wavelength end of sensor 
in joint 60-3. Grey line is spectrum before disbond and black line is spectrum after disbond
initiates.
4.3.5. Qualitative expianation of the results for disbond 
initiation adjacent to the high-waveiength end of the sensor
A schematic of the disbond initiation at the HW end of the spectrum is shown in 
Figure 4.5. In the schematic, the disbond occurs adjacent to the HW end of the sensor 
and the gratings expand (highlighted blue), causing the reflected light at the HW end 
of the sensor to be at slightly higher wavelengths. The gratings in the sensor adjacent 
to the part of the joint that has not yet disbonded (yellow) maintain the same 
wavelengths. This causes a discontinuity in the normal linear increase in wavelength 
conesponding to the grating spacing. This produces a perturbation in the reflected 
spectrum from the still bonded section of the joint at the lower wavelengths to the 
higher wavelengths in the disbonded region, which causes a dip in the spectrum
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because the in-between wavelengths are not reflected. This is at point B in the 
spectrum in Figure 4.4.
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in reiaxed region
Figure 4.5 Schematic of the effect of a disbond starting from tbe termination of tbe aluminium
adherend on tbe joint and CFBG.
4.3.6. Effect of disbond growth on the reflected spectra
In Sections 4.3.2 through 4.3.5 the effect of the disbond initiation was described. 
After the disbond was initiated, the testing was continued to propagate the disbond 
and the disbond growth was recorded photographically. Figure 4.6 shows the 
photographic record of the growth of the disbond for coupon 60-7 between 7000 and 
11000 cycles. For this specimen, the disbond initiated adjacent to the LW end of the 
sensor. The arrows in the figure show the location of the disbond front at the location 
of the CFBG sensor.
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Figure 4.6 Disbond growth in coupon 60-7 recorded pbotograpbically.
Figure 4.7 shows the reflected spectra for the same coupon over the same interval 
(omitting 9000 and 11000 cycles for clarity). In each reflected spectrum, there is a 
clearly identifiable peak which corresponds to the position of the disbond front in the 
coupon. With increasing disbond length, the peak moves to higher wavelengths in the 
spectrum, tracking the growth of the disbond. The mechanism for the appearance of 
the peaks in the spectra is the same as for the peak that appears at initiation; the 
disbond releases a portion of the GFRP from the constraint imposed on it by the 
aluminium; consequently, up to the disbond front, the GFRP returns to its unstrained 
state. The grating spacings in the now unstrained portion of the sensor lengthen and 
the reflected wavelengths become larger, corresponding to those spacings in the 
sensor within the still-bonded section of the joint just ahead of the disbond front 
position. These gratings reflect the same wavelength of light thus creating a peak in 
the reflected intensity (since the reflected intensity is related to the number of gratings 
reflecting light at any particular wavelength).
54
Chapter 4:Detection of disbond initiation and growth in GFRP/aluminium
bonded joints
-30
8000 cycles
10000 cycles7000 cycles
-35
^  -40 
t  -45 L  Wires — 1
-50
-55
-60
1528 1533 1538 1543 1548 1553
Wavelength (nm)
Figure 4.7 Growth of disbond recorded by reflected spectra for coupon 60-7.
The physical position of the disbond front can be determined from the reflected 
spectrum by measuring the position of the peak relative to the width of the entire 
spectrum, since the width of the spectrum corresponds to a length of 60 mm. 
However, it is also necessary to carry out predictions of the shape of the reflected 
spectra to be expected in order to determine the location of the disbond front in 
relation to the peak within the spectrum. This is because it cannot be assumed that the 
disbond front position corresponds to the location of the peak in the spectrum -  
indeed, it is unlikely that this is the case. The modelling is described in Section 4.4.
Figure 4.8 and Figure 4.9 show the result of the experiments when the disbond grew 
from the high wavelength end of the spectrum. In Figure 4.9, the location of the 
disbond front is again indicated by the arrows in the figure at the location of the 
CFBG sensor. In this case, the approximate location of the disbond is again indicated 
by a perturbation in the spectra, though this time it is a dip in the reflected intensity.
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Again, the modelling for this situation, to determine the location of the disbond front 
in relation to the dip in the spectrum, is discussed in the next section.
9000 cycles 300OO cycles 54000 cycles 78000 cycles
Figure 4.8 Disbond growth in coupon 60-3 recorded photographically.
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Figure 4.9 Growth of disbond recorded hy reflected spectrum for coupon 60-3.
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4.4. Prediction of reflected spectra by computer 
modelling of GFRP/aluminium bonded joints
4.4.1. Introduction
This section describes the computational modelling of the composite-metal bonded 
joint and the prediction of the reflected spectra. The modelling was a two-stage 
process; the first part was creating an PEA model which was used to generate the 
strains seen by the CFBG sensor. The second part used the strains from the PEA 
model to predict the reflected spectrum using an optical modelling programme.
4.4.2. Finite element analysis using ABAQUS
A finite element model was prepared using ABAQUS version 6.6-1 and analysed by 
imposing a uniform temperature change. The model was a simplified two dimensional 
representation of the joint, which omitted the adhesive filets, spacer wires, end-tabs 
and spacers and did not explicitly model the optical fibre. The composite was 
modelled as a multi-layered laminate, with separate properties for each layer, 0° and 
90°. Pigure 4.10 shows a screenshot of a 5 mm disbond between the GPRP adherend 
and the adhesive.
A partition was incorporated at the location of the optical sensor core to enable the 
strain to be exported from the sensor position. The aluminium and adhesive were 
modelled as isotropic plates. Generalised plane strain was applied to the model, as is 
conventional when modelling long sections in 2D that are loaded axially (ABAQUS). 
Quadratic elements of the type CPEG8R were used, with edge lengths of 0.13 mm. 
The boundary conditions consisted of a single pinned point at the end of the GRP? 
adherend to prevent the model moving within the modelling environment. Loading of 
the modelled joint was performed by applying a uniform temperature change of -82 K 
to the entire model. Disbonds were modelled as seams (decoupling of common nodes) 
in the joint, between the adhesive layer and an adherend. In the experimental joints, it 
was found that the disbond grew cohesively (or at the interface in the case of the
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Figure 4.11 Longitudinal strain profiles of bonded joint with 5 mm and 10 mm disbonds at the 
low wavelength end subjected to an 82 K temperature drop.
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Figure 4.12 Longitudinal strain profiles of bonded joint with 5 mm and 10 mm disbonds at the 
high wavelength end subjected to an 82 K temperature drop.
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4.4.3. Optical modelling using OptiGrating
The longitudinal strain profiles obtained from ABAQUS were processed using an 
Excel spreadsheet to transform the strain and position data into grating spacing and 
position data. The equations used to calculate the grating period from the axial strain 
are given by Okabe et al (2004);
A(z) = Ao(z){l + ^^(z)} (eq. 3)
Aq = Ac + AA(z - L J l )  (eq. 4)
Where, A(z) is the grating period at a position z along the grating (measured from the 
end with the smallest grating period), Ao is the original grating period, 8 is the 
longitudinal strain, Ac is the period of the central grating, AA is the rate of change of 
grating period and Lg is the length of the chirped grating. This data was then imported 
into OptiGrating which predicted a reflected spectrum. Further details of the 
OptiGrating parameters can be found in Palaniappan (2008).
Figure 4.13 shows the prediction from OptiGrating for a disbond originating from the 
low wavelength of the sensor. The position of the disbond front is shown by a vertical
line in the spectrum. The disbond front is located to the low wavelength side of a
distinct peak.
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Figure 4.13 Predicted spectra for joints with 5 mm and 10 mm disbonds origination from the low  
wavelength end of the sensor, where the vertical line represents the disbond front.
Figure 4.14 shows the predicted spectra for disbond originating adjacent to the high 
wavelength end of the sensor, and again the vertical lines represent the disbond front 
position. The position of the disbond front is now located on the slope on the high 
wavelength side of the dip.
The theoretical predictions of the reflected spectra enable the disbond front position to 
be located in relation to the peak, or trough, in the reflected spectra. With this 
information, it is possible to analyse the spectra to locate the disbond front position 
according to the CFBG sensor data and compare this to the photographic evidence for 
the disbond front position. This comparison is carried out in the next section.
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Figure 4.14 Predicted spectra for joints with 5 mm and 10 mm disbonds origination from the 
high wavelength end of the sensor, where the vertical line represents the disbond front.
4.5. Comparison of experimental results and
modelling
For the disbond front growing adjacent to the LW end of the CFBG sensor, Figure 
4.15 shows a comparison of the disbond length measured using the photographs of the 
disbond front position (such as Figure 4.6) and that using the reflected spectrum from 
the CFBG sensor, conected for disbond front position using the modelling described 
in the previous section. The data shows clearly that the peak in the spectrum does 
follow the increase in the disbond length, with an increase in length of the disbond as 
measured by the CFBG sensor spectra being matched by the increase in length 
measured by the photographs (i.e. the slope of the data is 45"). However, there is a 
systematic shift in the data, meaning that the absolute values of the disbond lengths as 
measured by the CFBG sensor are about 2 mm smaller than the photographic 
measurements i.e. the CFBG sensor data under-predict the disbond length by about 2 
mm.
62
Chapter 4 Detection of disbond initiation and growth in GFRP/aluminium
bonded joints
30 -
E 2 5 -
t
i  20 -
5
I  10-
0 5 10 15 20 25 30 35
Disbond length from spectrum (mm)
Figure 4.15 Position of disbond in spectrum plotted against position of disbond in photograph for
coupon 60-7.
Figure 4.16 shows a similar comparison for the disbond growing adjacent to the HW 
end of the CFBG sensor. In this case, the disbond is located as being about halfway up 
the slope of the dip on the high wavelength side. The larger error bars in Figure 4.16 
reflect the added uncertainty in determining the position of the disbond front in the 
reflected spectrum, due to it’s location on the slope of the dip. Again, it is clear that 
the growth of the disbond has been very well measured by the CFBG sensor. In this 
case, however, the CFBG sensor data systematically over-predict the absolute length 
of the disbond, again by about 2 mm.
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Figure 4.16 Position of disbond in spectrum plotted against position of disbond in photograph for
coupon 60-3.
The reason why the CFBG sensor either under-predicts, or over-predicts, the absolute 
length of the disbond is probably related to changes to the linear relationship between 
physical location on the sensor and locations within the sensor spectrum. This linear 
relationship probably holds reasonably well for uniform strain fields; however for the 
non-uniform strain field in the region of the disbond, it would appear that this linearity 
can no longer be assumed to hold. For the strain fields encountered here, the non- 
linearity introduces an offset of about 2 mm in the absolute measurement of the 
disbond front position.
4.6. Discussion of the results
The aim of this test was to be able monitor the health of bonded joints using CFBG 
sensors without the need to apply an external load to the joint. The joint chosen for the 
test was GFRP/Aluminium; the aluminium has a high CTE compared to the 
composite and the GFRP is optically transparent, enabling the disbond growth to be
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monitored independently of the CFBG sensor without resorting to complicated 
techniques (e.g. X-radiography, thermography etc). Many structures use bonded joints 
and bonding two identical composite materials together is relatively rare outside of 
the laboratory; hence many bonded joints will have two adherends with different 
CTEs, if only because the lay-up of the bonded adherends are different.
The CFBG sensors have been found here to be able to detect both disbond initiation 
and to be able to monitor propagation. The detection of the initiation of disbonding in 
the joint is very important. During the mechanical testing, the initiation of the disbond 
was seen in the spectrum before it could be detected by eye in the test coupon. For 
real structures, this is probably the most important result, because it could alert an 
asset holder of a developing problem very early in the failure phase.
The ability of the sensor to follow the growth of the disbond, albeit with an offset (in 
this case of about 2 mm in terms of absolute disbond length) has been demonstrated. 
Using this sensor technique would permit a structure to remain in service for an 
extended period, until a critical damage length was reached.
4.7. Concluding remarks
In this chapter the results of both physical and virtual testing of GFRP/Aluminium 
bonded joints have been presented. Firstly the changes that occur when an adherend 
with an embedded sensor is bonded to one of a different CTE were seen, followed by 
the changes in the spectmm when a disbond initiates in the bonded joint. The ability 
of the CFBG sensor to monitor disbond growth was investigated and it was shown 
that increases in the disbond length were monitored very well by the CFBG sensors, 
whether the disbond was adjacent to the high-wavelength or low-wavelength end of 
the sensor. There was, however, a discrepancy in the absolute values of the disbond 
lengths (when compared with photographic measurements) of about 2 mm.
In the next chapter the results of applying the CFBG to the detection of defects in 
composite-composite bonded joints is presented.
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5. Investigation of the possibility of detecting bond- 
line defects in composite/composite bonded joints
5.1. Introduction
Part of the work by Palaniappan (2008) involved a demonstration of the use of the 
CFBG sensor technique to detect a defect, actually PTFE tape, within a GFRP/GFRP 
single lap joint. As part of that work, the present author carried out the finite-element 
analysis which enabled the modelling of the joint with the defect to be carried out, and 
the modelling and resulting predictions are presented here. In addition, an attempt 
was made by the current author to extend the technique to the detection of defects in 
CFRP-CFRP bonded joints using real defects which constituted parts of the joint 
without adhesive. The results, and the associated modelling, are also presented in this 
chapter.
5.2. Detection of defects In GFRP/GFRP bonded 
joints
5.2.1. introduction
This section presents the initial experimental work carried out by Palaniappan with a 
PTFE defect, the results of experiments in GFRP/GFRP joints using “real” air gap 
defects and the modelling associated with GFRP/GFRP joints. Figure 5.1 shows 
schematics of the three GFRP/GFRP bonded joints investigated in this work, all of 
which had defects located centrally in the joint length. The overlap length was 60 mm 
for each and the 60 mm CFBG ran the whole of the jointed length. The orientation of 
the CFBG can also been seen in Figure 5.1, with the low wavelength end of the sensor 
being adjacent to the cut end of the GFRP coupon containing the sensor. The 
experimental work is presented in Sections 5.2.2 and 5.2.3 and the modelling follows.
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Figure 5 J  Schematics of GFRP bonded joints with defects.
5.2.2. Experimental GFRP/GFRP joint with PTFE defect
The joints with embedded defects tested by Palaniappan (2008) used two GFRP 
adherends with a lay-up of (0]/90/06)s and a thickness of 4.5 mm, one of which 
contained a 60 mm CFBG sensor. A strip of PTFE 12 mm long and 0.25 mm thick 
was used to simulate the defect and also acted as a control for the adhesive thickness. 
The PTEE defect was positioned centrally within the length of the joint and spanned 
the whole width; the transparency of the GFRP adherends enabled the defect position 
to be determined directly. The joint is illustrated schematically as Joint 1 in Figure 
5.1.
Figure 5.2 shows the reflected spectrum from the joint with no applied load, the 
vertical lines indicating the position of the defect and Figure 5.3 shows the reflected 
spectrum from the same joint with an applied load equivalent to approximately 1000 
p8 in the jointed section (using the thickness of the two adherends and the Young’s 
modulus). The vertical lines in Figure 5.3 represent the approximate boundaries of the 
defect, for reasons explained below.
67
Chapter 5: Investigation of the possibility of detecting bond-line defects in
composite/composite bonded joints
-15 1
-20 -
Defect^  -25 -
(A
C
8)
^  -30 ■
-35 -
-40
1525 1530 15401535 1545 1550 1555 1560 1565
W avelength  (nm )
Figure 5.2 CFBG reflected spectrum from unloaded joint 1 with PTFE defect (marked).
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Figure 5.3 CFBG reflected spectrum from loaded joint 1 with PTFE defect (marked).
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In Figure 5.2 there is no indication in the spectrum that a defect is present. This to be 
expected. Although the joint was formed at high temperature, both adherends have the 
same CTE and there should be no thermal mismatch strain locked into the joint to 
cause any perturbations in the spectrum. The position of the defect in the spectrum 
can be determined definitively, because of the linear position between wavelength and 
distance along the sensor (the exact position of the defect having been measured 
directly in the transparent joint). Figure 5.3 shows the spectrum when the joint is 
loaded and a change is evident in the region of the defect, with a flat topped peak 
spanning the whole defect length. The position of the defect in the spectrum has been 
determined by the author with the knowledge gained from running computational 
models of the joints to understand how the position of the defect translates to changes 
in the spectrum, see Section 5.2.4. This is necessary, because the sensor is no longer 
uniformly strained along its length, i.e. it has a non-uniform strain profile, so the 
linear relationship used to determine the position in Figure 5.2, where the sensor is 
unstrained, no longer holds true. The previous analysis of the defect position is shown 
in Figure 5.4.
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Figure 5.4 Position of PTFE defect in loaded spectrum using linear relationship (after
Palaniappan, 2008).
The effect the defect has on the reflected spectrum of the loaded joint is very clear, 
but "real" defects in in-service joints are unlikely to be PTFE. For this reason, a joint
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with a more realistic defect, an air bubble or gap, was developed to investigate if this 
had the same effect. The results of those experiments are presented in the next section.
5.2.3. Experimental GFRP/GFRP joints with air defects
Following the work using a PTFE defect, the author developed a method to introduce 
air defects into the bond line. The method is described in detail in Section 3.3.3. The 
transparent adherends allowed direct observation of the size and location of the defect 
after being cured, as seen in Figure 5.5. This figure also shows the irregular nature of 
the defect shape; the defect shown is 3 mm wide where the optical fibre sensor crosses 
it, but much wider at the edges of the coupon. The two spacer wires can also be seen 
through the transparent adherends.
Defect
10 mm
Figure 5.5 Photograph of defect bond, showing irregularity of defect through transparent GFRP
adherends.
Figure 5.6 and Figure 5.7 show the reflected spectra from a joint with a 10 mm air 
defect, unloaded and loaded respectively. This joint is illustrated schematically as 
Joint 2 in Figure 5.1. The unloaded spectrum does not contain any perturbations that 
indicate a defect is present in the joint. In the loaded spectrum, a peak can be seen in 
the position that is known to contain the defect. This change in the spectrum is not the
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same shape as that produced by the PTFE defect, but does have a notionally central 
peak with a narrow flat top between the boundaries of the defect.
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Figure 5.6 CFBG reflected spectrum from joint with a 10 mm air defect (marked). Unloaded.
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Figure 5.7 CFBG reflected spectrum from joint with a 10 mm air defect (marked). Loaded.
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Figure 5.8, unloaded, and Figure 5.9, loaded, show the reflected spectra from a joint 
with a 3 mm defect. The joint is shown in Figure 5.1 as “Joint 3”. Comparing the two 
spectra, then at the position of the defect it can be seen that the loaded spectrum gains 
a peak. The peak does not have the flat top seen in the previous spectra (Figure 5.3 
and Figure 5.7), where the loaded joint has a defect.
The two air defect joints shown here do not have the same “crispness” in the spectral 
shape changes that marked the PTFE defect. The PTFE defect had a sharp change in 
the shape, with a fairly even flat top to the peak. The air gap defects have shallower 
sides to the peaks that lack the definition that marked the PTFE defect. The difference 
is thought to be due to the less regular nature of the defect in the joint. The PTFE film 
used had sharp, square edges and a regular shape. The air gap defects did not have the 
film there to prevent adhesive filets forming at the defect boundaries. It is assumed 
that the adhesive filets change the stress transfer path between the adherends, and 
there is a more gradual pick-up of stress at the defect boundaries. This then leads to 
less severe changes in the reflected spectra.
This section has shown that “real” defects, caused by the inclusion of air gaps in the 
adhesive layer, can be detected in GFRP/GFRP bonded joints using CFBG sensors. 
The next section will describe the computer modelling and spectral predictions made 
to validate the experimental results.
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Figure 5.8 CFBG reflected spectrum from joint with a 3 mm air defect (marked). Unloaded.
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Figure 5.9 CFBG reflected spectrum from joint with a 3 mm air defect (marked). Loaded.
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5.2.4. Computer modelling of GFRP/GFRP joints with defects 
and predictions of reflected spectra
This section details the TEA modelling and spectral predictions performed to validate 
the GFRP/GFRP experimental results, seen in the first part of this chapter.
The bonded joints were modelled using ABAQUS to obtain longitudinal strain 
profiles necessary to do optical spectrum predictions, using the same method as 
described in Section 4.4.3. The FFA models were 2-dimensional and omitted the 
spacer wires, optical fibre and adhesive filets. The defects were modelled as 
rectangular voids in the adhesive layer. The model was constrained encastre at the 
end of one of the adherends, the end of the other adherend was constrained to slide 
(i.e. to move only in the direction parallel with the length of the joint). Loads were 
applied to the sliding end of the modelled joint; 9 kN for the 12 mm defect and 7 kN 
for all other defect sizes. A partition was created at the approximate position of the 
optical fibre core and this was used to export the strain values that would be seen by 
the sensor. The strains were transformed to grating spacings using an Fxcel spread 
sheet and input into OptiGrating, which output the predicted spectra.
W a v e le n g th  (nm )
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Figure 5.10 Strain profile and predicted spectrum for GFRP joint with 12 mm defect.
Figure 5.10 shows the strain profile and predicted reflected spectrum for a joint with a 
12 mm defect, analogous to the experimental joints with the 12 mm PTFF defect and
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the 10 mm air defect. A schematic of the joint is also shown. The effect of the defect 
on the strain seen by the sensor is an interruption of the constant strain region in the 
middle of the joint, with an elongated peak-trough perturbation present. The predicted 
reflected spectrum from this profile is similar to the spectra obtained from experiment, 
with a flat topped peak at the location of the defect.
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Figure 5.11 Strain profile and predicted spectrum for GFRP joint with 3 mm defect.
Figure 5.11 shows the strain profile and predicted reflected spectmm for a joint with a 
3 mm defect, along with a schematic of the joint. The change in the strain profile due 
to the defect is much smaller than that for the 12 m defect. The predicted reflected 
spectrum produced from the strain profile shows only a small peak, in contrast to the 
12 mm defect, which is a flat topped peak bounded by two troughs.
The results of the predictions compare favourably with, and validate, the experimental 
results. The 12 mm defect experimental spectrum and the 12 mm defect predicted 
spectrum are the best match. This is probably due to the good definition of the defect 
in the experiment and the replication of the defect shape (i.e. an oblong with square 
corners) in the computer model. The 10 mm air defect experimental results are not as 
well-defined, as has been discussed previously.
Turning now to the 3 mm air defect, the predicted spectrum provides an explanation 
of the difference compared to the spectra from larger defects. In the experiment it was
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found that the loaded reflect spectrum did not contain a flat topped peak (Figure 5.9) 
as did the spectra from larger defects. It has been noted that the predicted spectrum 
also did not contain a flat topped peak, instead having a much smaller and sharper 
peak, because of the smaller changes in the longitudinal strain seen by the sensor. The 
experimental and computer simulated results show good agreement and likely indicate 
that the maximum resolution of the technique is being approached.
This first half of the chapter has shown the results of the investigations performed to 
detect bond line defect in GFRP/GFRP bonded joints using 60 mm CFBG sensors. 
First the experimental results were presented and then the computer modelling and 
spectral predictions. The next half of the chapter describes the detection of defects in 
the adhesive bond line CFRP/CFRP bonded joints.
5.3. Detection of defects In CFRP/CFRP bonded 
joints
5.3.1. Introduction
The work using GFRP/GFRP bonded joints positioned the defect in the centre of the 
joint area, where the adherend is relatively lightly strained compared to the ends of the 
joint, where the double thickness bonded section reduces to the thickness of the single 
adherend. It is highly likely that bond defect in the centre of the joint will have no 
meaningful detrimental effect on the joint strength, however, a defect in the more 
highly strained end of the joint might lead to premature joint failure. For this reason, 
the next set of experiments moved the defect from the centre to the end of the joint. 
GFRP material with a shorter overlap length, 30 mm, was used. The joints tested in 
this section are shown in Figure 5.12, where Joints 4 and 5 have been made both 
experimentally and in computer models, but Joint 6 only existed as a computer model.
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Figure 5.12 Schematics of CFRP bonded joints with defects. Not to scale - location of spacer wires
is indicative.
The 2.5 mm (Oi/QO/O^ js CFRP adherends are, of course, not transparent and the 
position of the defect was determined after the spectra had been recorded, by breaking 
the joint in tension using a universal testing machine and examining the fracture 
surface. Figure 5.13 shows such a fracture surface. The defect area was marked prior 
to adhesive application and has remained mostly free from adhesive. Other dry areas 
of the joint are also evident, but were not analysed in the results. Spacer wires were 
used to maintain even adhesive thickness and the usual spacers and end-tabs were 
used to prevent unnecessary bending.
a
Adhesive Defect Adhesive
Figure 5.13 Fracture surface of CFRP bonded joint with air gap defect.
77
Chapter 5: Investigation of the possibility of detecting bond-line defects in
composite/composite bonded joints
The above figure also shows a more regular shaped defect than the GFRP/GFRP 
joints seen earlier. This is due to an improved joint manufacture technique which used 
a pneumatic syringe to place the adhesive selectively. This has been described in 
Section 3.3.3.
5.3.2. Experimental CFRP/CFRP joints with air defects
Figure 5.14 shows the unloaded and loaded reflected spectra from a CFRP joint with a 
defect close to the end. The location of the defect is 5 mm from the end of the 
termination of the plain adherend and extends to 12 mm inboard of the end.
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Figure 5.14 Reflected spectra from joint 4; unloaded and loaded. Schematic shows orientation.
The loaded spectrum shows a very significant shift to higher wavelengths at the low 
wavelength end of the spectrum, but almost no shift at the high wavelength end. This 
is due to the non-uniform strain field in the loaded joint (see Section 5.3.3). At the low 
wavelength end, there is also a change in the spectrum shape, with an increased 
reflected intensity in the area of the defect. The shape is quiet different to that seen 
previously when the defect was in the centre of the joint.
Spectra from a second joint configuration are shown in Figure 5.15. The sensor has 
been reversed; the low wavelength end of the sensor is adjacent to the termination of 
the smart adherend. The large trough at 1548 nm is caused by the spacer wire.
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Figure 5.15 Reflected spectra from joint 5 unloaded and loaded. The sensor orientation has been
reversed compared to joint 4.
Once again, the defect is 5 mm from the end of the jointed section, but is only 4 mm 
long, extending to 9 mm inboard of the end of the joint. The change of CFBG 
orientation is shown in the loaded spectrum by the shift at the high wavelength end of 
the spectrum, where there is high strain, but no shift at the lightly strained low 
wavelength end, the opposite of the previous test. The defeet is still at the low 
wavelength end and is manifested in the loaded spectrum by a dip and a slight peak to 
the right of the dip. This is a departure from the previous experiments, where the 
defect was indicated predominately by a peak, but is consistent with virtual modelling 
of the joints, as shown in the next section.
5.3.3. Virtual modelling of defects In CFRP/CFRP joints 
equipped with CFBGs
The CFRP-CFRP bonded joints were again modelled in ABAQUS, in the same was as 
the GRFP-GFRP joints (Section 5.2.4) Figure 5.16 shows the strain profile and 
predicted spectrum for the joint illustrated. This is similar to the first CFRP 
experimental result, i.e. joint 4 in Figure 5.12. An important aspect to note is that 
although the strain in the middle of the joint, say between 15 and 25 mm along the 
joint, is approximately 1000 pe and similar to the level in the GFRP joints, the peak 
strains at the end of the joints are different. The CFRP is much stiffer than the GFRP 
and has correspondingly smaller strain at the continuing adherend end. Turning to the
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predicted spectrum, there is a small flat topped peak at the low wavelength end of the 
spectrum in the region of the defect. There is also a peak at the very low wavelength 
end of the spectrum, caused by the peak strain where the top adherend continues. 
Comparing this to Figure 5.14, the peak from the experimental defect is similarly 
placed close to the low wavelength end of the spectrum, which has a small end peak 
itself. The small dip between the two peaks in the experimental spectrum is in poor 
agreement with the predicted spectrum. This presumably because the sharp corners in 
the theoretical models are a poor representation of the shape of the adhesive filets in 
the real joint.
8000
5000
3000
c  -25 -2000
1000
0
35
1540 1545 1550 1555 1560-1000
D is ta n c e  a lo n g  jo in t  (m m )
Join t 4
Figure 5.16 Strain profile and predicted spectrum for joint 4 with 5 mm defect.
The results of the modelling of the second CFRP joint is shown in Figure 5.17, which 
again has a defect at the low wavelength end, but the sensor has been reversed within 
the adherend, i.e. joint 5 in Figure 5.12. The strain profile now includes a perturbation 
in the low strain region, where the remaining strain is shed into the other adherend 
prior to adherend termination. The change in the spectrum shows elevated strain at 5 
mm along the joint and then a drop in strain adjacent to the defect and increasing 
strain from the end of the defect to the point where the joint ends, at 60 mm. Again, 
the predicted spectrum has a peak caused by the defect, but the area to the low 
wavelength side of this contains a shallow wide dip, from approx. 1536 nm to 1540
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nm. This is similar in appearance to the experimental result, which has a dip to the 
low wavelength side of small peak (see Figure 5.15).
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Figure 5.17 Strain profile and predicted spectrum for joint 5 with 5 mm defect.
A third design of joint, one that was not investigated experimentally, was realised in 
PEA and OptiGrating. The joint used the same sensor orientation as the previous 
model, but moved the defect to the other end of the joint, i.e. at the high wavelength 
end of the sensor. Figure 5.18 shows the strain profile and reflected spectmm with a 
schematic of the joint geometry below. The effeet on the spectrum is seen between 
1550 nm and 1555 nm, where there is a very small increase in the reflected intensity 
for approximately 4 nm and then a dip. The more distinct dip between 1555 nm and 
the end of the spectrum is caused by the very rapid strain change between 25 mm and 
30 mm distance along the joint. A similar, but less pronounced, dip can be seen in the 
predicted spectrum in Figure 5.17. The rapid strain changes have dramatically altered 
the physical position/spectral position relationship and the signature of the defect in 
the spectrum is very much to the low wavelength side of where it is expected if the 
relationship was still linear.
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Figure 5.18 Strain profile and predicted spectrum for joint 6 with 5 mm defect at high
wavelength end.
5.4. Summary
In general, for all joints with bond line defects examined in this chapter, the 
experimental results are in reasonably good agreement with the computational 
modelling and show that it is possible to detect bond line defects with using an 
embedded CFBG in a composite joint. The effect of the defect on the reflected 
spectrum is dependant on the size and position of the defect within the bond line; 
defects in the GFRP-GFRP joints were easier to detect than those in the CFRP-CFRP 
joints.
For the GRFP joints, the defects show distinct shapes and are readily identifiable in 
both the actual and predicted spectra. This was aided by the size and position of the 
defect in the joints and also the lower stiffness of the GFRP adherends. The PTFE 
defect produced the result that best matched the modelling, even though the model 
used an air gap defect instead of PTFE. The air gap defects are less easy to detect in 
the experimental reflected spectra and because the air gaps allow adhesive fillets to 
form, causing a more gradual stress transfer compared to the sharp corners of the 
PTFE defect.
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For the CFRP, the changes in the experimental spectra were more subtle and more 
difficult to interpret. Similarly, the virtual modelling also showed more subtle 
changes in the spectra than those spectra predicted for GFRP joints. One reason for 
this is the increased stiffness of the CFRP material, but location of the defect is also 
important. The defects in the CFRP joints were positioned in the two areas of the joint 
where rapid strain changes were already present. The changes in the strain profiles 
caused by the defects are not as obvious in these regions as those caused by defects in 
the centre of the joint, and consequently are more difficult to discern within the 
spectra.
Another important observation taken from this set of experiments is the importance of 
identifying very non-linear strain profiles and this was particularly seen in the 
reflected spectra from the CFRP-CFRP joints. The non-linear strains profiles cause 
the linear relationship between the physical position in relation to the sensor and the 
position within the spectrum to be lost. Consequently, it becomes much more 
important to predict the strain profile and to use optical modelling to predict the 
spectra in order to understand the changes in the spectrum and the spectral 
position/physical position relationship.
5.5. Concluding remarks
In this chapter the results of both physical and virtual testing of bonded joints with 
bond-line defects has been presented. Experimental testing of GFRP joints with PTFE 
and air gap (“real”) defects was followed by experiments with air gap defects in 
CFRP joints. All the experiments were then modelled using computer software and 
the results compared. The experimental and virtual testing broadly agreed with each 
other and has proved it is possible to detect defects in bonded joint using CFBGs. It 
was also concluded that computational modelling would be required to accurately 
locate the defect position in the majority of situations. In the next chapter, the 
embedded CFBG is applied to deteet delaminations in End-notch flexure specimens 
subject to mode II loading.
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6. Use of a CFBG to monitor delamination length in 
mode li loading
6.1. Introduction
Chirped fibre Bragg gratings have primarily been used in situations where they are 
loaded in such a manner as to monitor cracks in bonded joints (e.g. see Chapter 4), or 
where they are monitoring cracks subjected to a mode I loading, such as in the work 
of Sanderson et al (2011) where a surface-bonded CFBG sensor has been used to 
monitor delamination growth in mode I loading. These are relatively simple loading 
geometries and, to date, CFBG sensors have not been used to monitor cracks for more 
complex geometries, such as where the crack is subjected to mode II loading (as in the 
growth of cracks in end-notch flexure specimens, for example). This chapter presents 
the results of an investigation into whether CFBG sensors can be used to monitor 
crack growth for cracks subjected to a mode II loading geometry.
6.2. Development of ENF specimen
6.2.1. Introduction
As discussed in Chapter 2, the End-notch flexure (ENF) test involves bending a 
specimen in either 3- or 4-point bending, in order to generate and/or grow a 
delamination along the neutral axis of the coupon. It is normal for a delamination 
starter, in the form of a film of PTFE or other non-adhering material, to be included in 
the coupon to promote the development of the delamination.
6.2.2. ENF Specimen geometry
The 4-point variation of the specimen configuration was used, because it literature 
suggested that it should provide a more controlled and stable delamination growth
(Blackman et al, 2005). The chosen material was CFRP pre-preg with a lay-up of
(02/9 0 /02)%; pre-preg was used in order to promote delaminations between plies (as 
opposed to the single ply that results from the GFRP wet lay-up process when 
multiple layers of the same orientation are wound) and the same lay-up of specimen
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was used previously during the bond defect tests. Modelling the specimen and test 
using FEA and observing which sensor positions produced perturbations in the 
predicted spectra (performed using OptiGrating based on the FEA results) enabled 
the position (in the thickness) and orientation of the optical fibre to be chosen.
6.2.3. Finite eiement anaiysis of ENF
The ENF specimen and test was modelled in ABAQUS. A 3D model was constructed 
in two parts, each representing half the thickness of the laminated coupon, labelled 
“Top” and “Bottom” in Figure 6.1.
40 80
60 '90 degree plies▼
Top
Bottom
-  Top outer
-  Top centre
-  Bottom centre 
Bottom outer
Délamination 
either 66 mm 
or 72 mm long
Possible CFBG 
locations considered 
in this studyTotal load 500 N
Optical fibre to 
interogatorNOT TO SCALE
Figure 6.1 Schematic of ENF coupon used in FEA and experimental work, with the top rollers 
shown as solid triangles and the supports as arrows (note that distances are indicative and not to
sca le).
Two delamination lengths were modelled, 66 mm and 72 mm. Contact constraints 
were modelled between the two halves of the specimen where the delamination was 
located, with the remainder of the interface between the two parts being tied together. 
The contact constraints between the two delaminated parts of the coupon were 
modelled as frictionless; the silicone release film used as the delamination starter 
leaves a very smooth surface which permitted easy sliding of the two parts. Models in 
the literature use coefficient of friction values of 0 to 0.5 when modelling the friction 
between these surfaces (Prasad and Kumar 2008; Sun and Davidson 2006). The effect 
of friction in the modelling is to reduce the stresses at the crack tip, but as the model 
is not being used to predict the propagation of a delamination through the material, 
and given the difficulty in establishing the correct value to use, a value of 0 was felt to
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be justified. Additionally, each half of the specimen was partitioned into discrete 
plies; however, the optical fibre was not explicitly modelled (due to incompatibilities 
of scale). Each model was subjected to a total bending force of 500 N.
The model used a rectangular mesh of C3D8R elements. A number of revisions were 
made to the model to refine the mesh: the first model used an element size of 1.25 x 
10'  ^ m by 5.0 X lO'"^  m for the zero degree ply. This mesh provided 48 nodes per 60 
mm sensor length. Figure 6.2 shows the deformed shape of the ENF model, plotted 
with von Mises stress contours.
Figure 6.2 Deformed shape of model with eourse mesh. Contours show von Mises stress at a 
deformation factor of 1 (actual deformation).
A finer mesh was required to generate enough data to make the predictions using 
OptiGrating. The finer mesh had an element size of 6.24 x 10^ m by 1.27 x 10 "^ m 
and provided 96 nodes per 60 mm sensor length. The aspect ratio of the smaller 
element was approximately 5 (Guild, private communication, 2008) used a maximum 
aspect ratio of 5 for modelling composite materials). Figure 6.3 shows the deformed 
shape of the model with the refined mesh. The contours plotted on the model are the 
longitudinal strains, which were extracted from the model and used to make the 
predictions in OptiGrating.
Figure 6.3 Deformed shape of the delaminated region of the ENF model. Contours show the 
longitudinal strains (E ll)  at a deformation factor of 1 (actual deformation).
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For each analysis, 4 possible positions of the sensor were considered, each at a (0/90) 
interface, as shown in Table 6.1. Fongitudinal strains were extracted along lines 
corresponding to the position of the sensor for the 500 N applied bending load. The 
strains have been plotted against position along the FNF specimen in Figure 6.4 for 
the “Top” part for a 72 mm delamination.
Table 6.1 Locations of sensor positions considered during ENF specimen development.
Name Approximate distance from 
delamination, mm
Top outer 0.75
Top centre 0.5
Bottom centre 0.5
Bottom outer 0.75
Figure 6.4 shows that the delaminated part of the FNF specimen behaves as separate 
beams; the mid-plane of the 90 degree ply is the neutral axis and the 0 degree plies 
above (Top outer) and below (Top centre) experience tension and compression, 
respectively. At the end of the delamination, the two separate "beams" converge into a 
single beam; both paths shown in Figure 6.4 are above the neutral axis beyond the 
delamination front and so are both in tension beyond the end of the delamination. For 
the purpose of sensing the delamination front under mode II loading, this is important; 
a rapid change in the strain is expected to cause a perturbation in the reflected 
spectrum from the CFBG; the more rapid the change, the clearer the perturbation to 
be expected in the spectrum. The strain profile "Top outer" shows a small 
(approximately 40 ps) perturbation at the position of the delamination front. The 
profile "Top centre" shows a rapid strain reversal at the delamination front, for 
reasons discussed above. This suggests that a sensor located in the “Top centre” 
position will be able to detect the extent of the delamination, but the small strain 
changes associated with the end of the delamination in the “Top outer” sensor 
location are not expected to cause a significant change in the spectrum.
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Figure 6.4 Longitudinal strain along two lines in the "Top" part of the ENF with a 72 mm 
delamination. The delamination front is indicated in the figure. The roller locations are positions 
R1-R4, the 60 mm sensor is located between SI and S2.
The strain distributions for a 72 mm delamination length for the “Bottom” half of the 
specimens are shown in Figure 6.5. These distributions are, not surprisingly, the 
mirror image of the “Top” strain distributions.
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Figure 6.5 Longitudinal strain along two lines in the "Bottom" part of the ENF with a 72 mm 
delamination. The delamination front is indicated. The roller locations are positions R1-R4, the 
60 mm sensor is located between SI and 82.
6.2.4. Prediction of the reflected spectra
Predictions based on the strains extracted from the FEA data were produced using the 
method described in Section 4.4.3. The two strain profiles shown in Figure 6.4 have 
been used to predict the CFBG response using OptiGrating and the results are shown 
in Figure 6.6. The figure shows the predicted spectra for a 72 mm delamination in the 
ENF for the CFBGs located in the “Top” of the specimen compared to a predicted 
unstrained CFBG spectrum. The delamination is located at the low wavelength end of 
the sensor (the low- and high-wavelength ends of the sensor are indicated in the inset 
of Figure 6.6 by EW and HW, respectively). The predictions were made for a 60 mm 
CFBG, with the LW end located 48 mm from the end of the ENF specimen and the 
sensor extending to 108 mm, with the delamination front located 24 mm from the LW 
end of the sensor.
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Figure 6.6 Predicted spectra for 72 mm delamination at LW end of sensor embedded in "Top" of 
ENF; the delamination front position for the “Top centre" prediction is also shown.
Figure 6.6 shows the unstrained CFBG prediction, the “Top centre” prediction and the 
“Top outer” prediction. All predictions were made using the same settings and 
sampling rate in OptiGrating, which has resulted in a small amount of noise in the 
predicted spectra, as can be seen in the unstrained CFBG prediction. Considering first 
the comparison between the unstrained CFBG prediction with the “Top centre” 
prediction, the “Top centre” spectrum shows three changes: the LW position of the 
spectrum is shifted to lower wavelengths due to the compressive strain in this section 
of the CFBG; there is a perturbation (a trough) in the spectrum caused by the 
delamination front; and, finally, there is a shift at the HW end of the spectrum to 
higher wavelength due to the tensile strain experienced by the CFBG sensor in this 
region. The trough is caused by the reversal of strain at the delamination front; the 
gratings on the LW side of the delamination front are compressed, which caused the 
reflected light to be at lower wavelengths than in the unstrained sensor, while the 
gratings on the HW side of the delamination front are in tension, which causes the 
reflected light to be at higher wavelengths that the unstrained sensor. There is
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therefore a small set of wavelengths where the reflected light is of much lower 
intensity than normal (due to the grating spacings being compressed or extended), 
producing a trough in the spectrum. Comparing the “Top outer” prediction with the 
unstrained CFBG, there is a shift to higher wavelengths at both the LW and HW ends 
of the sensor since the strains are all tensile along the sensor length. However for the 
“Top outer” prediction,, there is no discernible perturbation that could be associated 
with the delamination front itself, as expected.
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Figure 6.7 Predicted spectra for 72 mm delamination at LW end of sensor embedded in 
"Bottom" of ENF; the delamination front position for the “Bottom centre” prediction is also
shown.
Predictions were also made for the “Bottom” part of the ENF specimen, and these are 
shown in Figure 6.7. The orientation of the sensor paths are the same as those used for 
the “Top” part and the strained predictions are again compared to a prediction for an 
unstrained CFBG sensor. In Figure 6.7, the changes in the “Bottom centre” spectrum 
at each end of the spectrum are opposite to those seen in “Top centre”, i.e. the part of 
the spectrum adjacent to the delamination has shifted to higher wavelengths (due to 
the tensile strain) and where the beam is not delaminated, the high-wavelength end of
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the spectrum has shifted to lower wavelengths (due to the compressive strain). For 
the “Bottom centre” spectrum, the perturbation caused by the delamination front is 
now a peak with a deep trough in the middle. The precise size of the trough shown in 
the middle of the peak could be an artefact caused by a combination of factors (i.e. the 
resolution of the strain data and the number of elements used to calculated the 
spectrum) used for the predictions; this deep trough is likely to be either much 
shallower or not detectable in the experimental spectra. The prediction for the 
“Bottom outer” strain distribution again shows a very small perturbation that is 
unlikely to be detected at the location of the delamination front.
In order to establish the best orientation for the sensor (i.e. which end of the sensor, 
LW or HW should be closest to the delamination), predictions were also made for the 
other possible sensor orientation, with the HW end of the CFBG located adjacent to 
the delamination and the LW end in the non-delaminated part of the specimen. The 
predictions for these orientations are shown in Figure 6.8 and Figure 6.9. The location 
of the sensor paths is the same as in the previous predictions, i.e. the sensor starts 48 
mm from the end of the sensor, and the delamination front is 24 mm along the sensor. 
The predicted spectra in Figure 6.8 and Figure 6.9 confirm that the “Outer” paths do 
not offer the possibility of detecting the delamination for either of the possible sensor 
orientations. The best position for the sensors is the "Centre" paths, which all show 
perturbations in the predicted spectra. The orientations which give peaks (Figure 6.7 
and Figure 6.8) are favourable, as the disbond front is located closer to the centre of 
the perturbation than the orientations that produce troughs (Figure 6.6 and Figure 6.9). 
The next section contains the results of the experimental testing of ENF specimens 
with embedded CFBG sensors.
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Figure 6.8 Predicted spectra for 72 mm delamination at HW end of sensor embedded in "Top"
half of ENF specimen.
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Figure 6.9 Predicted spectra for 72 mm delamination at HW end of sensor embedded in
"Bottom" of ENF.
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6.3. Experimental testing of ENF specimens with 
embedded CFBGs
6.3.1. Fabrication of specimens
The specimens were manufactured from out-of-autoclave carbon fibre pre-preg 
material. The manufacturing details are given in Section 1.3.4. Based on the virtual 
modelling results, it is clear that the optimum position for the location of the sensors 
is near to the mid-plane of the laminate, with the best orientation (LW or HW adjacent 
to the delamination) is the one that produces peaks in the reflected spectrum, which is 
dependant on whether the sensor is in the "Top" or the "Bottom". Consequently, five 
CFBGs sensors of 60 mm length and one sensor of 30 mm length (it was intended to 
use a sixth 60 mm sensor, but the sensor had been mis-labelled) were embedded in the 
coupons, at the 0/90 interface closest to the mid-plane of the ENF. Two types of 
sensor were used: a high reflectivity sensor from a commercial producer [TeraXion] 
and a low reflectivity sensor provided by Nanyang Technological University, 
Singapore.
6.3.2. Test procedure
Before the ENF coupons were tested, the silicon coated starter films were removed 
from the specimen using tweezers. The location of the HW and LW ends of the 
sensors were established (by applying a through thickness load, as described 
previously; see Section 3.2.4) and in preliminary tests, an X-ray dye penetrant 
technique was used to try establish the position of the delamination front (Figure 
6.10). Later tests did not use the X-ray technique, as the crack front was not easy to 
identify because the dye penetrant was squeezed out of the delamination (it can be 
seen as a faint line in Figure 5.10). The dye-penetrant did not distribute evenly over 
the delamination area, as can be seen in the figure; the lighter grey region to the right 
of the delamination front is where the dye-penetrant has been squeezed out, the bright 
white region to the right of that is where the dye-penetrant is in an even layer (held by 
capillary action), the fibrous region to the right of that is where the delamination has 
opened slightly leaving the dye-penetrant in the troughs between the reinforcement 
fibres. However, the X-ray technique did establish that the delamination front was
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straight, so that observation of the specimen edge was sufficient to monitor the crack 
front location. Preliminary tests on ENF specimens (not equipped with embedded 
sensors) were performed under displacement control to grow the delaminations under 
load, but these tests did not always show stable delamination growth. In order to 
produce a more controlled delamination growth, a single edge razor was used to 
advance the delamination in the tests with embedded sensors; this was forced into the 
delamination to advance the delamination in a controllable way; the specimen was 
subsequently subjected to the ENF loading configuration to check whether the 
delamination front position could be determined using the sensors. The extent of the 
delamination was measured on the edge of the coupon.
Figure 6.10 X-radiograph of ENF coupon. The delamination front, optical fibre and area of the
release film can be seen.
An Instron 5500R mechanical test machine equipped with a 4-point bend rig was used 
to test the ENF specimens. The 4-point bend rig was of the type with a fixed outer 
roller set and a specially designed pivoting inner roller set. Figure 6.11,that enabled 
the rollers to conform to the different curvatures at each end of the deformed ENF 
specimen (as shown in Figure 5.11). The outer rollers had a span of 160 mm and the 
inner rollers a span of 80 mm. A Smart Fibres W4 interrogator was used to capture all 
reflected spectra.
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Figure 6.11 Inner roller set for ENF test showing pivot mechanism.
6.3.3. Results of ENF tests with high refiectivity CFBGs
The first two specimens were embedded with the high reflectivity commercial sensors 
(from TeraXion). These had reflectivities of 90% ± 5%, FWHM bandwidths of 20 
nm, centred on 1550 Nm, and a nominal length of 60 mm. The sensors were provided 
with reflected spectra recorded by the manufacturer, which were recorded from the 
LW end and showed uniform reflected intensity across the bandwidth . Eaeh 
specimen was tested twice, first with the sensor located in the "Top centre" position, 
after which the specimen was turned over in the test rig to put the sensor in the 
"Bottom centre" position. The spectra from the first test are shown in Figure 6.12, 
where the LW end of the sensor is closest to adjacent to the delaminated region. This 
figure shows the spectra for the embedded sensor, and for delamination lengths of 68 
mm, 72 mm and 80 mm; all spectra have been shown for an applied load of 500 N 
and the sensor was interrogated from the HW end.
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Figure 6.12 Experimental spectra from 90% CFBG in "Top" of ENF, LW end adjacent to 
delamination; sensor interrogated from HW end.
This ENF had the sensor located approximately 48 mm from the end of the ENF, with 
the LW end adjacent to the delamination, the same configuration as for the predictions 
in Figure 6.6. The absolute intensities of the spectra have been adjusted in the data 
processing to enable easier comparison for different delamination lengths (this has 
been performed for all figures in Section 6.3.3 (except Figure 6.15); before this 
adjustment, the reflected intensity of each spectrum was the same - the wavelength 
data has not been adjusted at all, of course). The spectra show an increasing reflected 
intensity progressing towards the HW end of the spectra (a “ski-slope” effect), but no 
obvious perturbations. At the LW end, the spectra are shifted to lower wavelengths 
due to compression, which agrees with the modelling and predictions (see Figure 6.4 
and Figure 6.6 for the strain profile and predicted spectra respectively); however at 
the HW end, the spectra are also shifted to lower wavelengths, when it is expected 
that the sensor will be in tension and should reflect at higher wavelengths; the reason 
for this unexpected result is not understood.
The FNF coupon was unloaded for each delamination length and inverted in the test 
machine, and then reloaded to 500 N (before the delamination was extended to the 
next length). Consequently, the spectra should now correspond to the configuration
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modelled in Figure 6.7. The results are shown in Figure 6.13, and again, the spectra 
do not show the expected perturbations.
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Figure 6.13 Experimental spectra from 90% CFBG in "Bottom" of ENF, LW end adjacent to 
delamination; sensor interrogated from HW end.
In Figure 6.13 the LW end of the sensor is now in tension, and the spectra shift to 
higher wavelengths, as expected (see Figure 6.5 and Figure 6.7 for strain profile and 
predicted spectrum). The HW of the sensor is in compression and should shift to 
lower wavelengths, but has instead shifted to higher wavelengths; again, the reason 
for the shift at the HW end in the “wrong” direction is not understood.
A second specimen was prepared with the sensor orientation reversed, i.e. the 
delamination was located adjacent to the HW end of the sensor and was advanced 
towards the LW end. The recorded spectra for this configuration, which conesponds 
to the “Top centre” predictions made in Figure 6.8, are shown in Figure 6.14.
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Figure 6.14 Experimental spectra from 90% CFBG in "Top centre" position of the ENF 
specimen, with the HW end adjacent to the delamination; sensor interrogated from LW end.
Again, the sensor was located approximately 48 mm from the end of the ENF coupon. 
Unlike the previous test, the shifts at the LW and FTW end of the spectra are consistent 
with the predictions; the LW is in tension and shifts to higher wavelengths; the HW 
end of the spectrum is in compression and shifts to lower wavelengths (see Figure 6.4 
and Figure 6.8 for the strain profile and predicted spectrum, respectively). 
Unfortunately, the predicted perturbations in the spectra cannot be seen. Interestingly, 
for this orientation of sensor interrogated from the LW end,, there is no “ski-slope” 
effect within the reflected spectra.
Finally, this specimen was inverted and loaded with the sensor located in the 
“Bottom” position, consistent with the predictions in Figure 6.9. The experimental 
reflected spectra are shown in Figure 6.15.
99
Chapter 6: Use of a CFBG to monitor delamination length in mode II loading
-8
-10
•12
5
Direction of delamination growth
•16
CFBG
•18
■20
1535 1540 1545 1550 1555 1560 1565
Wavelength (nm)
-Embedded — 70 mm delam 73 mm delam — 82 mm delam j
Figure 6,15 Experimental spectra from 90% CFBG in "Bottom" of ENF, HW end adjacent to 
delamination; sensor interrogated from LW end.
Finally, these spectra do show perturbations of the type expected. The “Bottom 
centre” prediction in Figure 6.9 shows a clear perturbation for a 72 mm delamination, 
with the delamination front located at 1556 nm, which is to the right of the 
perturbation caused by the delamination. In Figure 6.15, the perturbations in the 
spectra are significantly smaller than those predicted by the optical modelling, but it 
clear that the perturbations do move from the FTW end of the spectrum towards the 
LW end of the spectrum as the delamination is extended in the same direction. 
Consequently, a comparison between the known increase in the delamination lengths 
and the increases suggested by the CFBG sensor can now be made. The trough in the 
spectra has been taken as a reference point for this comparison, and it has been 
assumed that the widths of each spectra all correspond to the 60 mm length of the 
sensors. Then the changing position of the trough within the spectra suggests that the 
delamination length increases first by about 3 mm, and then by about 9 mm. These 
changes correspond to the imposed delamination increases of 70 mm to 73 mm, and 
73 mm to 82 mm. There is obviously excellent agreement here in the measurement of 
the changes in the delamination lengths using the CFBG sensors, and the known 
changes produced using the razor blade.
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Despite the excellent agreement for this final configuration, it is clear that, in general, 
the results from the tests using 90% reflectivity sensors did not match the predictions. 
In addition, the highly asymmetric “ski-slope” spectra seen in Figure 6.12 and Figure 
6.13 have not been seen before. There was a concern that this may have been due to 
some feature of the commercially obtained CFBG sensors and consequently, it was 
decided to perform further experiments, but this time using the non-commercial 
sensors. The tests are described in the next section.
6.3.4. Results of ENF tests with non commercial CFBGs
These tests were conducted using non-commercial CFBGs from NTU, having an 
unknown reflectivity (the reflectivity of these sensors was later estimated to be 35- 
45%, see Chapter 7). These sensors had been used successfully in previous tests 
(Chapters 4 and 5), unlike the commercially obtained sensors which were used for the 
first time. The NTU sensors were 60 mm long (with the exception of one 30 mm long 
sensor) and were embedded as described previously. All sensors had a nominal 
bandwidth of 20 nm at full width half maximum, and a central wavelength of 1545 
nm.
Two specimens were tested with the delamination front located at the HW end of the 
sensor; these were designated specimens ENF 6-5 and 6-6. In specimen ENF 6-5, the 
60 mm sensor was positioned 54 mm from the end of the ENF coupon, i.e. for the 
delamination 64 mm long, the delamination front was positioned 10 mm along the 
sensor. In specimen ENF 6-6, the 60 mm sensor was positioned 66 mm from the end 
of the ENF, i.e. the 70 mm delamination was 4 mm along the length of the sensor.
Figure 6.16 shows the change in the spectra shape as the load was increased from zero 
to 200 N for specimen ENF 6-6, with the sensor located in the "Bottom centre" 
position. As can be seen, the intensity of the perturbations increases with increasing 
load, but the location of the perturbations does not change. Consequently, for these 
tests, it was unnecessary to load the specimens to 500 N and a lower applied load of 
200 N was used to compare the results for different delamination lengths.
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Figure 6.16 Experimental spectra using an NTU sensor for the "Bottom centre" orientation, with 
the HW end adjacent to the delamination. The sensor was interrogated from the LW end, 
showing spectra for applied hending loads of 0 N, 100 N and 200 N.
Figure 6.17 show spectra for delamination lengths of 64 mm, 68 mm, 71 mm, 75 mm 
and 80 mm for specimen ENF6-5, as well as for the embedded sensor with no 
delamination. These measurements had the sensor positioned in the “Bottom centre” 
of the ENF specimen, corresponding to the “Bottom centre” predictions in Figure 6.9. 
The absolute intensity of each spectrum has been adjusted to separate the spectra (all 
spectra had the same intensity when recorded). It can be seen that the perturbation has 
approximately the same trough-like shape as in the prediction, and the perturbation 
moves from the HW end towards the LW end as the delamination length is increased. 
This is the same configuration as for the results with the commercial sensor shown in 
Figure 6.15, confirming that for this sensor configuration, the change in the 
delamination front position can be detected. The size of the perturbation is larger for 
the non-commercial sensors, approx. 4 dB in depth as opposed to approx. 1.5 dB 
depth for the commercial sensors. Anther specimen was tested with this orientation 
with three delamination lengths (70 mm, 80 mm and 91 mm), the spectra from which 
are shown in Figure 6.18. Again, a trough-like perturbation can be seen in the spectra
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which moves to higher wavelengths with increasing delamination length, in 
agreement with the results in Figure 5.17.
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Figure 6.17 Spectra from ENF 6-5, sensor positioned in “Bottom centre” with HW end adjacent 
to delamination, for delamination lengths from 64 mm to 80 mm; sensor interrogated from the
LW end.
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Figure 6.18 Spectra from ENF 6-6, sensor positioned in “Bottom centre” with HW end adjacent 
to delamination, for delamination lengths 70 mm, 80 mm and 91 mm; sensor interrogated from
the LW end.
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The two specimens, ENF 6-5 and ENF 6-6 were inverted, so that the sensors were 
positioned in the "Top centre" of the ENF coupon, corresponding to the predictions of 
Figure 5.8. The spectra shown in Figure 6.19 are for delamination lengths of 70 mm, 
75 mm, 80 mm, 86 mm and 91 mm are from coupon FNF6-6 and correspond to the 
“Top centre” prediction in Figure 6.8. This position produces peaks in the spectra, 
some of which have a sharp trough in the centre, as predicted (by contrast, it should 
be noted that this configuration did not produce any observable perturbations in the 
spectra using the commercial sensors). The spectra from specimen FNF 6-5 are 
shown in Figure 6.20. Again, the peaks in the spectra are clearly visible and they 
move from the HW end of the spectra towards the LW end as the delamination 
increases in length. The spectra from this test did not, however, show the troughs to 
the same extent as FNF 6-6.
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Figure 6.19 Spectra from ENF 6-6, sensor positioned in “Top centre” with HW end adjacent to 
delamination, for increasing delamination lengths; sensor interrogated from the LW end.
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Figure 6.20 Spectra from ENF 6-5, sensor positioned in “Top centre” with HW end adjacent to 
delamination, for increasing delamination lengths; sensor interrogated from the LW end.
For the alternative sensor configuration, two specimens were tested with the LW end 
of the sensor adjacent to the delamination (specimens FNF 6-7 having a 60 mm 
sensor length, and FNF 3-9 having a 30 mm sensor length). The spectra shown in 
Figure 6.21 are from FNF 6-7, which had the sensor positioned in the “Top centre” 
position of the specimen, the same as for the predictions in Figure 6.6. For FNF 6-7, 
the sensor was positioned 74 mm from the end of the coupon, i.e. for the delamination 
75 mm long, the delamination front was located only 1 mm along the sensor. The 
spectra shown are for delamination lengths of 50 mm and 75 mm, i.e. before the 
delamination has advanced to the sensor position and 1 mm along the sensor length 
respectively (both for a bending load of 200 N, as before). It is noticeable in the 
spectrum, where the delamination has a length of 75 mm delamination, that the trough 
is located about Va of the way along the spectral bandwidth, although the delamination 
front is only 1 mm along the sensor This is in agreement with the prediction (Figure 
5.6), which indicates that the trough is located on the HW side of the delamination, 
with a large separation between the delamination front position and minimum of the 
trough. Figure 6.22 shows a comparison of the spectra for actual delamination lengths
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(as measured on the specimen edge) of 75 mm, 85 mm and 101 mm, corresponding to 
increases in the delamination length of 10 mm and 16 mm, respectively. As the 
spectral bandwidth corresponds to a physical distance of 60 mm, the movements of 
the trough in the spectra indicate increases in the delamination lengths of about 11 
mm and 16 mm, which are in good agreement with the actual length changes. It is 
also noticeable that the spectrum does not show the “ski-slope” gradual increase in 
intensity from the LW to the HW ends of the spectrum as seen for this configuration 
when using the commercial sensors (e.g. Figure 6.12). The intensity is roughly 
constant for all wavelengths, apart from the perturbations.
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Figure 6.21 Spectra from ENF 6-7, sensor positioned in “Top centre”, before the delamination 
front has reach the sensor and for delamination 1 mm along sensor; sensor interrogated from the
HW end.
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Figure 6.22 Spectra from ENF 6-7, sensor positioned in “Top centre” with LW end adjacent to 
delamination; sensor interrogated from the HW end.
The spectra shown in Figure 6.23 are from specimen ENF 6-7, with the sensor 
positioned in the “Bottom centre” position of the ENF, the same as for the predictions 
in Figure 6.7. The predictions in Figure 6.7 show a sharp, deep trough between two 
peaks in the reflected spectrum, whereas the experimental results show a single peak. 
With increasing delamination length, the peak moves from the LW to the HW end of 
the sensor and the results for delamination lengths of 75 mm, 80 mm, 85 mm, 93 mm 
and 101 mm are shown in the figure. Comparing these results with Eigure 6.22 (“Top 
centre”), it is noticeable that the centre of the peak in the 75 mm spectrum in Eigure 
6.23 is much closer to the EW end of the spectral bandwidth. When measured (again 
assuming the linear relationship between wavelength position in spectrum and 
physical location along the sensor) is was found that the delamination length from the 
spectrum in Eigure 5.23 was 80 mm, only 5 mm longer than the actual length, as 
opposed to 1 1 mm longer in the “Top” position. This also agrees with the predictions, 
which indicate the delamination front is located much closer to the perturbation for 
the sensor in this orientation.
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Figure 6.23 Spectra from ENF 6-7, sensor positioned in “Bottom centre” with LW end adjacent 
to delamination; sensor interrogated from the HW end.
As a further confirmation of the use of the sensors to monitor the delamination 
position, the 30 mm sensor was used (this was mistakenly labelled as a 60 mm NTU 
sensor initially). The 30 mm sensor (designated ENF 3-9) was embedded with the LW 
end of the CFBG adjacent to the delamination. The spectra for the “Top centre” and 
“Bottom centre” positions are shown in Figure 6.24 and Figure 6.25, respectively. The 
sensor was positioned 70 mm from the end of the FNF, i.e. the 72 mm delamination 
length extended 2 mm along the length of the sensor. The troughs and peaks are 
present again in the spectra from this shorter sensor for both “Top” and “Bottom” 
orientations of the coupon.
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Figure 6.24 Spectra from ENF 3-9, sensor positioned in “Top” with LW end adjacent to 
delamination; sensor interrogated from the HW end.
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Figure 6.25 Spectra from ENF 3-9, sensor positioned in “Bottom” with LW end adjacent to 
delamination; sensor interrogated from the HW end.
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6.4. Comparison of CFBG measured delamination 
lengths with actual delamination lengths
It is clear from the results of Section 5.3.4 that the NTU sensors can detect the 
extension of the delaminations in the manner expected, and the predicted shapes of 
the spectra are in reasonable agreement with the experimental results. For each of the 
sensors, it is possible to compare the known delamination lengths (as measured on the 
coupon edge) with the delamination length indicated by the sensors.
This can be done in two ways. In the first method, a linear relationship was assumed 
for the location of the peak or trough in the reflected spectrum and the position of the 
peak or trough in the spectrum was taken as a fraction of the 60 mm (or 30 mm) 
length of the sensors. The position of each peak or trough was measured for all the 
test configurations in this way and is shown plotted against the delamination length 
measurements from the ENF coupon edges in Figure 6.26. The results show a linear 
relationship between the two measurements for all sensors, but what appears to be 
systematic errors between sensor measurements, with especially large systematic 
errors for the "6-7" troughs, where the FIW end of the sensor was adjacent to the 
delamination.
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Figure 6.26 Comparison of delamination lengths measured using the CFBG spectra with the 
actual delamination length measured from the edge of the ENF specimens.
The second method used to compare the measurements is to compare changes in the 
delamination lengths, as measured by the CFBG sensors and at the coupon edge. 
Figure 6.27 compares the changes in delamination lengths as recorded by the CFBG 
sensors plotted against the length changes measured at the coupon edges. As Figure 
6.27 shows, the agreement here is reasonably good for most measurements, with the 
increase in delamination length being measured by the CFBG sensors to about ± 3 
mm. The orientations that produce peaks in the spectra, the data plotted as dots in 
Figure 6.27, show better agreement between the spectral and actual measurements 
than the orientations that produce troughs, the data plotted as squares. Consequently,
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it can be concluded, that the sensors could be used to monitor changes in delamination 
lengths as a consequence of cracks growing under mode II loading.
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30
Measured change in delamination length (edge length 
measurement)
Figure 6.27 Comparison of measured changes in the delamination length by the CFBG sensor
and the edge length measurements.
6.5. Concluding remarks
This chapter has described the investigation into monitoring delamination length in 
ENF (End-notch flexure) specimens subjected to mode II loading. The delaminated 
specimen under load was first modelled using finite element analysis to generate 
strain profiles that could be used to perform optical modelling. Optical predictions
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were then made using the OptiOrating program to investigate the best position to 
embed the sensors in the ENF specimens.
Experimental test coupons were manufactured with embedded sensors, initially with 
commercially acquired CFBGs with a high (90%) reflectivity and subsequently with 
sensors from NTU (with a much lower reflectivity; actually 35%-45%). 
Delaminations were grown in the ENF specimens and the changes within the spectra 
were was recorded.
With respect to both the modelling and experimental work, it can be concluded that:
• the CFBG sensor must be positioned close to the delamination in the through­
thickness direction in order to be detected;
• the orientation of the sensor (i.e. whether the HW or LW end is adjacent to the 
delamination) affects the location of the perturbation within the spectrum in 
relation to the physical position of the delamination front;
• the sensor orientation that gives rise to peaks in the spectra have the 
delamination front located closest to the perturbation in the spectra;
• there was good agreement between the modelling (FEA and optical) and the 
experimental results for the NTU sensors; agreement with the results from the 
commercial sensors was poor;
• the changes in the delamination lengths measured using the CFBG sensors 
were in good agreement with the edge measurements of delamination .
The unexpected results from this work are that (a) it was difficult to monitor the 
delamination growth with the commercial sensors (only one configuration worked); 
and (b)that the reflected spectra for the commercial sensors, when interrogated from 
the HW end, showed an increasing reflected intensity (a “ski-slope” effect) which was 
not seen in the NTU (non-commercial) sensors.
In the next chapter, both of these unexpected results are explored further.
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7. Effect of reflectivity on the sensitivity of CFBG 
sensors
7.1. Introduction
As described in Chapter 6, the results from the 90% reflectivity sensors for the 
measurement of the length of the delaminations did not agree with the predictions, 
although the results for the non-commercial CFBG sensors obtained from NTU, 
Singapore agreed well with the predictions. The conclusion drawn from this result 
was that there must be a difference between the NTU sensors and the commercial 
sensors that resulted in a lowered sensitivity for the commercial sensors. In this 
chapter, the reason for this difference is explored.
7.2. Possible causes for the anomalous behaviour of 
the 90% reflectivity commerciai sensors
Two aspects of the performance of the commercial sensors needed to be investigated 
further. First the anomalous “ski-slope” shape of the reflected spectra when the 
sensors were interrogated from the HW end; second, the generally poor sensitivity of 
the commercial sensors.
7.2.1. “Ski-slope” reflected intensity
Discussions of the results using the 90% reflectivity gratings with the manufacturer 
(TeraXion) led to an understanding of the “ski-slope” behaviour of the sensors. This is 
caused by cladding modes which affect the transmission of light to the low- 
wavelength end of the CFBG when the light is input into the sensor from the high- 
wavelength (low-frequency) “red” end of the sensor. The essential principle 
governing the behaviour is that coupling of light into the cladding only affects 
wavelengths shorter than the local Bragg wavelength. Consequently, if broadband 
light is input into the LW (“blue”) end of the sensor, then the high-wavelength “red” 
light remains unaffected by coupling into the cladding and hence a uniform back-
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reflected spectrum is seen. However, when broadband light is input to the HW (“red”) 
end of the sensor, a proportion of the shorter wavelength “blue” light is coupled into 
the cladding as the light propagates along the sensor. Consequently, the LW end of 
the CFBG does not receive the same light intensity as the HW end of the CFBG and 
so the back-reflected light is also of a lower intensity, giving rise to the “ski-slope” 
effect. Figure 7.1 is a figure provided by TeraXion that illustrates this phenomenon.
Input BLUE Side
..J V
Cladding m odes only affect waveiengttis shorter than the Bragg 
w avelength of the local grating
Input BLUE
RED light travelling through BLUE grating portions is not coupied  to  the  cladding m odes
,UE light travelling through RED grating portions is partially coup led  to the  cladding m odesCTInput RED
The effect in doubled  by the fac t that the BLUE light travels 
through the RED portions twice, before being reflected an d  
after being reflected
For ttie wide b a n d  high reflector in a  fiber laser, 
the BLUE side of the grating should fa c e  the 
center ot the laser cavity to  avoid losses.
Figure 7.1 Cladding mode coupling (figure provide by TeraXion).
7.2.2. Poor sensitivity of the 90% reflectivity commercial 
sensors
There appeared to be two likely causes of the poor sensitivity of the 90% reflectivity 
commercial sensors in comparison with the NTU optical sensors: first, the type of 
fibre and second the reflectivity of the grating (a third possibility, the grating shape, is 
less likely to be the cause and is also very difficult to investigate since it depends on 
the manufacturer’s fabrication technique and machine settings).
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Of the two main possibihties, the fibre type was the least probable cause as this had 
been changed a number of times in previous work using NTU sensors, with no 
appreciable difference in the CFBG sensitivity. The reflectivity was therefore thought 
to be the most probable cause, but a review of the literature did not find any 
investigation into the effect of the reflectivity on the sensor sensitivity. The review 
did show, however that Takeda and colleagues (Okabe et al 2004) used sensors of 
approximately 40% reflectivity, although the authors provided no justification for 
using 40% reflectivity. Consequently, an experimental and modelling investigation 
was carried out into the effect of reflectivity on sensor sensitivity, as described in the 
next sections.
7.3. Experimental Investigation into effect of 
reflectivity on sensor sensitivity
Additional commercial sensors with 60 mm sensor lengths and 40 nm spectral 
bandwidths centred on 1550 nm were obtained with reduced reflectivities of 80% (± 
5%) and 70% (±5%) from the manufacturer of the 90% reflectivity sensors 
(TeraXion). Three sensors (one of each nominal reflectivity i.e. 70%, 80% and 90%) 
were embedded in parallel, 10 mm apart, in two CFRP panels (using the same 
manufacturing method as described previously); a schematic of the panels containing 
the three sensors is shown in Figure 7.2. The panels had a lay-up of (02/90)s, with the 
sensors embedded between the two outer 0° plies, i.e. the lay-up was 
(0/CFBGS/O/9 O2/O2). The two panels had a width of 80 mm and a length of 300 mm 
and had the sensors embedded in opposite orientations, i.e. for one panel the sensors 
were interrogated from the HW end, whereas for the other panel the sensors were 
interrogated from the LW end. The coupons were subjected to two tests: a 3-point 
bend test (1 coupon only) and a line-load test (both coupons).
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Figure 7.2 Schematic of reflectivity test panel.
7.3.1. Three-point bend tests
Figure 7.3 shows a schematic of the 3-point bend test. The aim of the test was to 
investigate the effect of a slowly varying strain on the reflected spectra from the 
sensors and the coupon with the sensors interrogated from the LW end was used for 
this experiment. Figure 7.4 shows the reflected spectra for no load applied (ON), and 
for an applied bending load of 150 N, for the three sensors.
oad optical fibre with CFBG 
sensor
30 mm 60 mm
110 mm
20 mm
Figure 7.3 Schematic of 3-point bend test showing the location of the 60 mm sensor length (in 
red) with respect to the three rollers.
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Figure 7.4 Reflected spectra from 70%, 80% and 90% reflectivity sensors subject to 3-point
bending.
For this test, the LW end of the sensors was closest to the central roller of the test rig 
(as shown by the inset in Figure 7.4), and hence the LW end of the sensors is 
subjected to the highest (compressive) longitudinal strain. The figure shows the 
reflected spectra for each sensor for the two loads of 0 N and 150 N. Firstly, it should 
be pointed out that the absolute reflected intensities of the spectra for the three sensors 
are different, for two reasons: the reflectivity affects the reflected intensity, but so also 
do losses caused by the connectors. However, the reflected intensity in these tests is 
not important as it is the wavelength shift as a result of the longitudinal strain that is 
of interest here.
For all three sensors, comparing the 0 N and 150 N spectra, the spectra for 150 N are 
shifted to lower wavelengths in the loaded spectra, compared to the unloaded spectra. 
Considering the HW end of each spectrum, which is furthest from the central roller, 
there is shift of about 0.36 nm to lower wavelengths for each sensor. On the other 
hand, at the LW end, there is a shift of about 1.1 nm towards lower wavelengths for
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each spectrum (since the LW end of the sensor was subjected to a higher compressive 
strain, since at this end the sensors were closest to the central roller).
The results show that, the magnitude of the spectrum shift was the same for each 
sensor at each end of the spectrum. This shows that the strain sensitivity of the 
sensors is the same and is independent of the reflectivity of the sensors. This is an 
expected result because the strain sensitivity of the sensors is related to the chirp rate 
of the CFBG, and all of three sensors have the same chirp rate (the chirp rate is 
defined as the rate of increase of reflected wavelength with distance along the sensor, 
i.e. for the sensors used here, the chirp rate is 0.333 nm/mm).
7.3.2. Line-load tests
The second test subjected both the coupons separately to a concentrated line load at a 
single point along the sensor. The panels were supported by a flat plate on the 
crosshead of a testing machine and a long roller, having a circular cross-section, was 
pushed onto the panel, as shown schematically in Figure 7.5. The effect is to load the 
panels with a line-load, subjecting each embedded sensor to the same load, as far as is 
practicable. This test is analogous to the method normally used to locate the sensor 
position in a test coupon (see Section 3.2.4). The action of the roller on the test 
coupon results in a non-uniform local strain applied to each sensor, which causes a 
perturbation in the reflected spectrum. The purpose of the experiment was to compare 
the relative magnitudes of the perturbations as a consequence of this strain, for the 
sensors having different reflectivities.
Figure 7,5 Schematic of line load test: front view on left, 3D view on right.
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Figure 7.6 Spectra from 70%, 80% and 90% reflectivity sensors subjected to a single line load.
Figure 7.6 shows results for a direct comparison of the reflected spectra from the three 
sensors for the same line-load location. For Figure 7.6, the CFBGs were interrogated 
from the LW end. The roller acted, nominally, at the same distance along each sensor, 
but, due to a manufacturing difference for the 70% sensor, it has a different central 
wavelength than the 80% and 90% sensors. Consequently, although the roller position 
was physically the same for each sensor (19 mm from the HW end), the wavelength at 
which the perturbation occurred is changed (note that the position of the perturbation 
within the spectral bandwidth of each sensor is the same). The important result here is 
that the three sensors show different magnitudes for the perturbation response to the 
line-load: the 70% reflectivity CFBG shows the largest perturbations, followed by the 
80% reflectivity, whereas the 90% reflectivity CFBG shows the smallest 
perturbations.
The second coupon had the sensors embedded in such a way that the CFBG was read 
from the high wavelength end. The results from a line load test on this coupon are 
shown in Figure 7.7. Three observations can be made based on these results. First, the 
effect of the cladding modes on the reflected spectrum is seen clearly, with a large
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loss of reflected intensity for each sensor at the LW end compared to the HW end. 
Second, overall the reflected intensity is reduced as the reflectivity is decreased, and 
the cladding mode coupling is less important for the lower reflected intensity. Third, 
and most importantly, the magnitude of the perturbation due to the line-load is 
reduced with increased sensor reflectivity; the 90% reflectivity sensor shows the 
smallest perturbation and the 70% reflectivity sensor shows the largest perturbation.
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Figure 7.7 Line load test for CFBGs with reflectivities of 70%, 80% and 90%, interrogated from
HW end of sensor.
Figure 7.8 and Figure 7.9 show the response of two of the sensors (the 70% 
reflectivity and the 90% reflectivity read from the LW end) to the line-load test for 
five different locations along the sensor. Small variations in the thickness of the panel 
result in small variations in the size of perturbations produced in the spectra. Overall 
however, the perturbations produced in the sensor with a reflectivity of 70% are larger 
than those produced in the sensor with a reflectivity of 90%, for the same line-load. In 
other words, it is clear from the results that the 90% reflectivity CFBG is less
121
Chapter 7: Effect of reflectivity on the sensitivity of CFBG sensors
sensitive to a non-uniform strain field than the 70% reflectivity CFBG. The 
following section attempts to understand these differences by modelling the effect of 
differing reflectivities.
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Figure 7.8 Spectra from 70% reflectivity CFBG subject to line loads along the sensor length.
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Figure 7.9 Spectra from 90% reflectivity CFBG subject to line loads along the sensor length.
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7.4. Modelling Investigation into effect of reflectivity
7.4.1. Introduction
The experimental results on the 90% reflectivity commercial sensors obtained from 
TeraXion, and the comparison of the sensitivity of the 70%, 80% and 90% reflectivity 
sensors suggested that a review was required of the use of the commercial software 
(OptiOrating) used to predict the reflected spectra from the strain distribution. This 
review discovered that the default value of the reflectivity assumed within the 
OptiOrating programme was 35%. This had produced results that agreed with the 
experimental results for the NTU CFBO sensors (presumably because they have a 
reflectivity close to 35%), but was therefore unlikely to provide correct results for the 
higher reflectivity sensors obtained from the commercial suppliers, especially for the 
90% reflectivity sensors. The software enabled the reflectivity of the sensors used for 
the predictions to be adjusted (from the default value of 35%) to 90% by changing the 
index modulation (although it was not possible to incorporate the core-cladding 
coupling). The software can be configured to provide output data with the ordinate as 
intensity (in dB) or reflectivity (as a fraction), but not both simultaneously. The 
reflectivity was adjusted by making a prediction for an unstrained CFBO and 
observing the predicted reflectivity, the index modulation was then changed and the 
prediction repeated until the desired reflectivity was obtained. The predictions for the 
strained CFBO were then made with the appropriate index modulation. In the 
following sections, the effect of these changes on the predicted reflected spectra are 
described.
7.4.2. Revised ENF reflected spectra predictions
New predictions using OptiOrating were made for the ENF specimens, but now 
adjusting the reflectivity to 90% within the software. All of these predictions showed 
that the higher reflectivity CFBG sensor would be expected to show a lower 
sensitivity, and several examples are shown here as illustrations.
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First, the prediction for the “Top centre” ENF reflected spectrum for the 72 mm 
delamination (see Figure 6.6) is considered, with the LW end of the sensor adjacent to 
the delamination. This prediction is reproduced in Figure 7.10, although this is now 
labelled correctly as TC72L40, since this corresponds to a sensor reflectivity of 40%. 
The corrected prediction for 90% reflectivity is also shown (labelled TC7290), and 
not surprisingly, the entire reflected spectrum for 90% reflectivity shows a higher 
reflected intensity. However, what is important with respect to detecting the 
perturbations is the relative depth (or height) of the perturbation with respect to the 
rest of the spectrum, and the perturbation for the spectrum TC72L90 is smaller in 
proportion to the perturbation for TC72L40, approximate changes of 4 dB and 8 dB 
respectively.
A second example is shown in Figure 7.11, which shows the reflected spectrum for 
the 90% and 40% reflectivity for the ENF "Top centre" case, but with the 
delamination at the HW end of the sensor. Again, the change for the 40% reflectivity 
spectrum is greater, although the comparison is less clear since the 90% reflectivity 
spectrum saturates in some places.
0.00
-2 .00
-4.00
-6.00
-8.00
-10.00
■14.00
-16.00
-18.00
-20.00
1.530 1.535 1.540 1.545 1.550 1.555 1.560 1.565
W a v e le n g th  (urn)
Figure 7.10 Predictions for "top centre", LW adjacent to delamination, for 40% and 90%
reflectivity sensors.
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Figure 7.11 Predictions for "top centre", HW adjacent to delamination, for 40% and 90%
reflectivity sensors.
For all of the new predictions, the position of the delamination front in the model, 
relative to the perturbation, has been added to the figures showing the predicted 
spectra. This shows that the delamination front is not located at the centre of the 
perturbation, but is located instead on the delaminated side of the perturbation, i.e. for 
the delamination extending from LW to HW (TC72L40), the delamination front is 
located at a point approximately 7 nm away from the centre of the perturbation, on the 
LW side of the perturbation. The "Top centre" configuration has the perturbation 
located much closer to the delamination front.
The predicted spectra (Figure 7.12 and Figure 7.13) for the "Bottom centre" positions 
also show similar behaviour. It is also apparent that the orientations which produce 
peaks in the spectra, (i.e. "Top centre" HW adjacent to delamination. Figure 7.11, and 
"Bottom centre" LW adjacent to delamination. Figure 7.12), have the delamination 
front located much closer to the perturbation than for orientations producing troughs.
With regard to measuring the delamination length from the reflected spectra, this was 
done by using the centre of the perturbation as the delamination front. Consequently, 
it is evident from the delamination position relative to the perturbation position that, 
for the configurations that produce troughs, the measured de lamination length is an
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overestimate (by approximately 16 mm), and for configurations that produce peaks, 
the measured length is a slight underestimate (by approximately 7 mm).
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Figure 7.12 Predictions for "bottom centre", LW adjacent to delamination, for 40% and 90%
reflectivity sensors.
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Figure 7.13 Predictions for "bottom centre", HW adjacent to delamination, for 40% and 90%
reflectivity sensors.
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For the 90% reflectivity sensors, only one configuration of the sensor showed 
perturbations in the experimentally-determined reflected spectra; this was the “Bottom 
centre” configuration (see Figure 6.15), with the HW end adjacent to the 
delamination. The revised predictions for this configuration, showing the prediction 
for the 40% reflectivity sensor and the 90% reflectivity sensor are shown in Figure 
7.13. For the experimental spectra, the perturbations extend for about 7 nm and the 
90% predictions shows some similarity in the shape to the experimental result. Since 
this experiment and prediction are in reasonable agreement for the “Bottom centre” 
position, it might have been expected that the inverted configuration, (i.e. “Top 
centre” with the LW end adjacent to the delamination), should also have produced 
observable perturbations. However, as the experimental spectra show (Figure 6.12), 
the spectra were affected with cladding modes producing a pronounced ski-slope 
effect and this probably resulted in no visible perturbations.
7.5. Concluding remarks
This chapter has investigated the effect of sensor reflectivity on the sensitivity of the 
CFBG sensors. This was done experimentally by embedding six sensors of different 
reflectivity in parallel in two test specimens. A set of experiments was carried out to 
investigate the sensitivity of sensors with three different reflectivities, 90%, 80% and 
70%. The experiments showed that sensors with lower reflectivies showed larger 
perturbations in the spectra for the same non-uniform strain (a line load) applied to a 
composite panel with embedded sensors. The ski-slope shape of the spectra from high 
reflectivity sensors interrogated from the HW end of the CFBG can be understood to 
be as a consequence of cladding modes. It was seen experimentally that the effect of 
claddings modes decreased with reduced CFBG reflectivity.
The sensitivity was also investigated using optical modelling, by changing the 
reflectivity within the OptiGrating software. New predictions were made for the 
spectra of sensors embedded in the ENF coupons, modifying the predictions for an 
increased reflectivity of 90% (the previous predictions were made for 35 to 40%). The 
new predictions showed that the perturbations caused by the delamination in the ENF 
coupon are smaller for a higher reflectivity sensor, in agreement with the experimental 
results for sensors with reflectivities between 70% and 90%.
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The work in this chapter has demonstrated that, for monitoring disbonding or 
delaminations in composites, the reflectivity of the CFBG sensor is an important 
parameter in the sensor specification. The experimental and modelling results show 
that the sensitivity of the CFBG to a non-uniform strain field (i.e. one that causes a 
non-linear increase in grating spacing along the strained CFBG) is increased with 
decreasing reflectivity of the CFBG.
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8. Conclusions and future work
8.1. Introduction
This thesis has described a study into three applications of chirped fibre Bragg 
gratings as damage or defect sensors which extend significantly the work that has 
been done in this area to date. The areas investigated were monitoring disbond 
initiation and propagation in composite-metal bonded joints, identifying bond defects 
in composite-composite bonded joints and monitoring the position of a delamination 
subject to mode II loading. As a consequence of unexpected results obtained using a 
high reflectivity CFBG, the effect of reflectivity on the sensitivity of the sensor to a 
non-uniform strain field was also investigated.
8.2. Conclusions
8.2.1. Composite-metal bonded joints
The first application investigated was detecting the initiation and propagation of 
disbonding in composite-metal bonded joints. The CFBG sensor was embedded in a 
cross-ply glass reinforced epoxy laminate, which was subsequently bonded to an 
aluminium adherend at elevated temperature. Upon cooling to room temperature, the 
aluminium imposed a compressive strain on the GFRP (and the embedded sensor) 
which caused the reflected spectrum from the CFBG to be shifted to lower 
wavelengths; a one-dimensional closed-form approximate solution of this problem 
predicted the wavelength shift to within 20% of the actual shift. When the GFRP was 
released from the aluminium, by the advancement of a disbond in the joint, the sensor 
in the disbonded region reflected higher wavelengths than previously and caused a 
perturbation in the reflected spectrum at the position of the disbond front. The precise 
nature of the perturbation depends on whether (a) the low-wavelength, or (b) the high- 
wavelength end of the sensor is adjacent to the disbond; in (a) peaks are produced in 
the spectrum, while in (b) troughs are produced. It was found that the change in 
length of the disbond was monitored accurately by the CFBG sensors, but that the 
absolute values of the disbond length were either underestimated (for (a)) or 
overestimated (for (b)) by about 2mm. Overall though, the results show that it is
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possible to monitor disbond initiation and propagation without having to apply a load 
to the joint when the joint is made from adherends with dissimilar values of the CTE.
8.2.2. Bond defects
The second application in relation to bonded joints investigated the detection of 
manufacturing defects in composite-composite joints. The first joints used transparent 
GFRP with embedded sensors to investigate both PTFE simulated defects and “real” 
air defects located in the centre of the overlap. Whilst the PTFE defect showed a large 
perturbation in the spectrum and good agreement with the computer modelling, the 
“real” defects showed less distinct perturbations in the experimental spectra, though 
they could still be detected. As a centrally located defect is unlikely to affect the 
service performance of a bonded joint, “real” defects were made close to the end of 
the bondline in CFRP-CFRP bonded joints. The experimental results again were in 
general agreement with the computation modelling of the spectra, changes within the 
spectra were more subtle, and more difficult to detect, so that modelling of the 
possible perturbations caused by defects becomes more important. However, in 
general, any defect greater than 5 mm in size can be detected using the CFBG 
technique.
The work also showed the importance of understanding the effect of the strain field on 
the reflected spectmm when attempts are made to identify the location of the defect. 
The position of a perturbation within the spectrum is generally taken to be 
representative of the position of the defect/disbond/delamination in relation to the 
physical length and location of the sensor, assuming a linear relationship between 
position of the perturbation within the reflected spectrum and physical location in 
relation to the sensor. However, non-linearities can arise, and by using finite element 
modelling and spectral predictions, the actual location of the defect in relation to the 
physical location of the defect can be determined.
8.2.3. Detection of délamination length under mode II loading
The use of CFBG sensors to monitor disbond growth for a more complex loading 
geometry has been explored. Finite element analysis models were constructed of an 
End-notch flexure (ENF) specimen, with a delamination located at the mid-plane and
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subjected to four-point loading. The specimen lay-up was (02/90/02)s with the 
delamination located at the mid-plane. A number of potential sensor positions were 
investigated located at the 0/90 interfaces by extracting the strain along a path in the 
model and predicting the reflected spectrum from the path using optical modelling 
software. For this specimen configuration, it was concluded that only those sensor 
positions located at 0/90 interfaces towards the centre of the specimen were viable in 
terms of the possibility of detecting the disbond front position. For the experiments, 
sensors were embedded in the cross-ply CFRP laminate with an artificial 
delamination located at the mid-plane. The coupon was then loaded in 4-point 
bending, subjecting the delamination front to shear (mode II) loading. The initial 
experimental work used commercially produced sensors of very high reflectivity, 
nominally 90% and the experimental results were not in agreement with the 
predictions, with only one orientation of the loaded specimen producing perturbations 
which agreed in any way with the predictions. In addition, very odd “ski-slope” 
reflected spectra were found when interrogating these sensors from the HW end. 
However, the use of CFBG sensors with a much lower reflectivity (about 40%) 
produced results that showed good agreement between the modelling (FEA and 
optical) and the experimental results. In addition, the change in delamination lengths 
measured from the specimen edge and the spectra also showed good agreement.
8.2.4. The effect of reflectivity on sensor sensitivity
The unexpected effect of sensor reflectivity on the results was investigated further 
with a study on sensor sensitivity. Commercial sensors with reflectivities of 70% and 
80% were acquired and comparative tests were performed with the sensors having 
90% reflectivity to investigate the effect of a non-uniform strain field on the reflected 
spectra of sensors with different reflectivities. It was shown in these experiments that 
higher reflectivity sensors are less sensitive to a non-uniform strain field than lower 
reflectivity sensors. In addition, the “ski-slope” effect can be understood to be a 
consequence of coupling of light into the cladding; in addition, this effect is more 
pronounced for higher reflectivities.
As a consequence of these results, the spectrum predictions were compared for 90% 
and 40% reflectivity sensors, with the outcome that the lack of response of the 90% 
reflectivity sensors with regard to monitoring the disbond can now be understood.
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Clearly, for the type of strain perturbations found in monitoring defects in composite 
materials, it is likely to be the case that a CFBG sensor with a low reflectivity (e.g. 
40%) is generally to be preferred.
8.3. Future work
Within this work, it has been shown that disbond initiation and growth in bonded 
joints made from adherends with different CTEs can be monitored, with a GFRP- 
aluminium joint taken as an example. However, more subtle questions arise from 
this. For example, is it possible to monitor disbonding in a CFRP-CFRP bonded joint 
if the two adherends have different CTEs as a consequence of having different lay-ups 
-  e.g. one adherend may be dominated by 0/90 plies, and the second adherend by ±45 
plies? If this is possible, what are the consequences for the accuracy with which the 
growth of the disbond can be monitored? Also, is such monitoring also possible for 
more complex joint configurations e.g. double lap and scarf?
The study on the detection of defects in bonded joints can be extended. It may be 
possible to refine the method by which the “air-gap” defects were introduced into the 
joints so that they can be better defined and the limits of the resolution of the 
technique for detecting defects can be explored. For example, does the sensor need to 
run adjacent to the defect, or can the sensor be displaced and at some distance from 
the defect?
With regard to the mode II loading investigation, the importance of virtual testing 
(here a combination of FE analysis and spectra prediction) was demonstrated. Using 
virtual testing, it was possible at an early stage to dismiss possible sensor locations (in 
this case, outside of the 90° plies) before testing began. Virtual testing is therefore a 
powerful tool when employing CFBG sensors, and there is much scope for using 
virtual testing to explore the use of the sensors for other applications, including 
investigating the effect of laminate lay-up on sensor sensitivity. For example, would 
the same conclusion have been reached for the most appropriate sensor location in the 
ENF specimen if the 90° ply was replaced by a 45° ply?
Finally, another area that could be investigated is automation of the 
disbond/delamination growth monitoring. Instrumentation is currently available for
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uniform FBGs to report automatically the strain experienced by the sensor. In the case 
of disbond monitoring, what is required is that the instrumentation compares two 
spectra from the same sensor and informs the user if changes have occurred due to 
disbond growth; the automation of the capture and comparison of spectra should not 
be too difficult to achieve and would enable CFBG sensing to make the transition 
from the laboratory to industrial application of the technology.
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